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Abstract 
 
Graphene, as a novel two dimensional (2D) nanomaterial with the same atomic 
structure as fullerenes and carbon nanotubes, has attracted tremendous interest since 
the early 2000s for their outstanding electric and thermal conductivity, high 
mechanical properties, and nearly frictionless properties, which provide new insight 
into corrosion control, separation, mechanical engineering and electronics 
miniaturization. More importantly, the development of graphene in stretchable 
electronics has recently fascinated the researchers, and result in a number of new 
applications, such as cyber skin, wearable devices and motion sensors. Although the 
bendability and flexibility of graphene based materials make it the ideal candidate as 
an electrical conductive components in stretchable electronics, the lack of 
stretchability limits its practical application and requires the design of stretchable 
structure at microscopic level. Therefore, to introduce the new structural design and 
systematically investigate the structure-property relationship, this thesis addresses the 
following key issues: (1) the synthesis of graphene oxide (GO) with different sheet 
size and reduction of GO (rGO); (2) the design of micro-wrinkled rGO (MWrGO) 
structure for high performance stretchable conductors; (3) the manipulation of GO film 
thickness and the effects of corresponding MWrGO structure on the electrical 
conductivity; (4) the potential application of MWrGO in oil spill clean-up. 
 
The synthesis of GO and the reduction process are systematically investigated. The 
successful synthesis of GO is first determined by spectroscopic and microscopic 
characterisation. The GO suspension can maintain stable for up to 2 days. And the 
sheet size ranging from 91 nm to 459 nm can be controlled by varying centrifuge speed. 
The effects of GO sheet size on electrical conductivity and mechanical properties of 
GO or rGO bucky papers are examined and found that large GO sheets have higher 
electrical conductivity and mechanical properties.  
 
As a solution-free chemistry route, gamma ray irradiation in gaseous phase under 
analytical grade air, N2 or H2 was developed to reduce pre-formed graphene oxide 3D 
architectures. Through varying the total γ-ray irradiation dosage, the reduction degree 
of graphene oxide can be controlled to synthesise highly crystalline and near defect-
free graphene based materials. The crystalline structure of the graphene oxide and γ-
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ray reduced graphene oxide was investigated by x-ray diffraction and Raman 
spectroscopy. No noticeable changes were noticed in the size of sp2 graphitic 
structures for the range of tested gases and total exposure doses, suggesting that the 
irradiation in gaseous phase does not damage the graphene crystalline domains. A 
mechanism is proposed to understand the interaction between hydrogen radicals 
formed upon γ-ray irradiation of hydrogen gas.  
 
A highly stretchable and conductive three dimensional (3D) micro-wrinkled reduced 
graphene oxide (MWrGO) film was fabricated using a novel thermo-mechanical 
shrinking method. The film was then attached to an elastic polydimethylsiloxane 
(PDMS) substrate. This 3D rGO architecture not only increases the specific area for 
more electrons to pass through but also bestows stretchability to the conductive 
pathway. The structural change of micro-wrinkles during the deformation had been 
monitored by an in-situ straining microscopy. The electrical conductivity of the 
samples remained fairly stable and stayed above 25 S/cm under low deformation (no 
more than 30 % strain) for up to 500 mechanical stretching-release cycles. The 
isotropic MWrGO/PDMS composite can be stretched bi-axially. This MWrGO based 
stretchable composite with stable electrical properties and long life span could form a 
new platform for stretchable electronics. 
 
Wrinkled GO films with a precisely controlled thickness ranging from 0.7 to 1.7 μm 
are fabricated with a vacuum filtration transfer method. When the wrinkles are well 
formed, the MWrGO/PDMS composites can maintain the stable electrical 
conductivity up to 1000 stretching-release cycles under 10 % strain, providing an ideal 
MWrGO structure as the component of stretchable conductors. The wrinkle 
wavelength after the shrinking increases with the GO film thickness. The wrinkle 
wavelength and electrical conductivity against the GO film thickness were 
systematically investigated. The electrical conductivity decreases when the thickness 
of the GO films increases; however, the further increase in GO film thickness will lead 
to the delamination of the whole GO films from shrink films without the formation of 
wrinkles when the thickness reaches a limit.  
 
The present work has established a platform for next generation stretchable conductors 
due to the unique structure of the MWrGO. The MWrGO/PDMS composites 
fabricated with a thermo-mechanical shrinking process maintain stable electrical 
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conductivity under low deformation during stretching-release tests. The unique 
structure can also offer other applications such as oil absorption. 
 
The micro-wrinkled reduced graphene oxide (MWrGO) films are superhydrophobic 
and superoleophilic due to their unique structure. The oil absorption performance of 
GO films was examined on three oils with distinguishing viscosity. While the water 
contact angle of MWrGO surface is all over 150 º, the oil can easily spread on the 
surface of MWrGO. The oil spreading rate is not dependent on the thickness of GO 
films. The results from oil absorption capacity indicated that the sample with the 
thinnest MWrGO film has the highest unit absorption capacity. Over 98% of the oil 
can be removed after each cycle by centrifugation and the films can be used for 
multiple oil absorbing-removing cycles without losing the absorption capacity. 
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Chapter 1. Literature Review 
 
1.1 Introduction 
 
Electronic circuit has driven the development of advanced technology for over half a 
century. Today, the computers, mobile phones and even cars all rely on the engineering 
that has made electronics smaller, lighter and smarter. However, due to their 
mechanical constraints (rigid boards), the traditional rigid electronics cannot be 
developed and implemented for novel applications, such as flexible displays (Sekitani 
et al. 2009), stretchable interconnectors (Hyun-Joong et al. 2009), electronic artificial 
skins (Ma 2011), stretchable electronic implants (Rogers, Someya & Huang 2010), 
and health assistant (Axisa et al. 2007). The need for mechanically flexible electronic 
devices has led to the design of stretchable conductors which can maintain their high 
electrical conductivity regardless of the mechanical strain and type of deformation 
applied upon them to a certain range.  
 
The recent development of stretchable electronics has opened a new era for electrically 
conductive materials science and technology. For instance, Sekitani et al. (2009) 
successfully synthesized elastic conductors which can be stretched up to 100% without 
compromising electrical and mechanical properties. In this case, single-walled carbon 
nanotubes (CNTs) were used as the conducting material by being uniformly dispersed 
in a fluorinated copolymer matrix to form single-walled CNT paste. This CNT paste 
was further patterned on a polydimethlsiloxane (PDMS) sheet by screen printing 
(Figure 1.1A). The printed elastic conductor with a CNT content of 15.8 wt% exhibited 
a high conductivity of 102 S/cm but a low stretchability of 29%. However if the CNT 
content reduced to 1.4 wt%,  an excellent stretchability of 118% could be achieved but 
only a low conductivity of 9.7 S/cm was produced. The results illustrate that CNT 
content plays an important role in stretchability and conductivity. Kim et al. (2009a) 
also developed stretchable electronics of high-performance which were made by 
encapsulating metal-oxide-semiconductor (Cr/SiO2) with PDMS (Figure 1.1B). 
Fatigue experiment was explored and the results revealed that strains in the range from 
0% to 90% were possible for 2000 times while maintaining good electrical 
performance. With current technology, circuits in elastic materials were mostly 
designed in horseshoe shape and network shape in order to withstand a strain (Hsu et 
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al. 2011; Liu et al. 2011). Although both the mechanical and electrical properties of 
the stretchable electronics have been improved, these systems still remain limited as 
after ageing, strong conductivity loss can occur under mechanical strain and 
stretchability would reduce with the increase in conductive material content. There is 
therefore a clear need to develop novel stretchable conductive structures to provide 
sustainable solutions to these issues. 
 
 
 
Figure 1.1 (A) Printed CNT paste on a PDMS sheet, SEM image of the surface of 
printed elastic conductors and photo of a stretchable display (Sekitani et al. 2009); (B) 
metal-oxide-semiconductor encapsulated in PDMS and present three kinds of 
deformations, which are indicated by the red, yellow and green squares as well as the 
corresponding enlarged view in the insets in B (Kim et al. 2009a).  
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In this project, we aim to integrate novel three dimensional (3D) stretchable conductive 
materials into super elastic materials that can be used to manufacture stretchable 
electronic devices. Among all conducting materials, carbon based nano-materials, 
such as graphene, are superior to metals as a kind of excellent conductive materials in 
elastomers, because the electron mobility of graphene is faster than any known 
conductors at room temperature. Furthermore, the interconnection between carbon 
atoms in graphene is very flexible. When an external force is applied to graphene, the 
plane of carbon atoms can tune into bending deformation and keep stable structure 
without rearranging carbon atoms to adapt to this external force (Rao et al. 2009). 
Aromatic macromolecules constituting graphene’s honeycomb lattice, with linear 
energy dispersion, internal degree of freedom and electron–hole symmetry (Biswas & 
Lee 2011), could be an ideal conductive unit for applications in stretchable conductors.  
On the other hand, rubber, possessing unique high elasticity and mechanical property, 
becomes a non-controversial candidate acted as matrix. PDMS which is also called 
silicone rubber is the most popular polymer used in the field of stretchable conductor 
in the last 10 years (Béfahy et al. 2008; Liu et al. 2011; Takshi & Madden 2010; Zhang 
et al. 2010d). Its transparency and elasticity are favoured by researchers. In addition, 
natural rubber (NR), a renewable natural resource, which has not been widely 
developed in electronics, is also capable of being used as a flexible matrix due to its 
extraordinary combination properties (Ata et al. 2012). 
 
Accordingly, optimizing structure design for stretchable circuit and integrating this 
structure into elastomer composites will be critically investigated. This will contribute 
to the development of novel stretchable electronic devices and further exploitation of 
both electronics and rubber materials. 
 
1.2 Methodologies of synthesizing stretchable conductors 
 
Conductive materials could be integrated into soft elastic matrix to fabricate 
stretchable micro-electronic devices. The current research on stretchable conductors 
could be summarized and classified into three categories: conductive materials coated 
on stretchable substrates; conductive materials embedded within stretchable substrates; 
and conductive materials blended with stretchable matrix. In this section, stretchable 
conductors synthesized by coating, embedding and blending conductive materials with 
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elastic materials will be systematically examined in order to find the way to integrate 
flexible conductive circuits into elastomers. The detailed description of these 
methodologies to fabricate stretchable conductors and their comparisons will be 
presented in this section.  
1.2.1 Conductive materials coated on stretchable substrates 
 
This method consists of depositing a conductive layer on the top of a stretchable 
substrate (Merilampi et al. 2010). However, issues arise from the stability of the 
interface between the conductive layer and the stretchable substrate and from the low 
tensile strain of conductive layer itself, leading to adverse electrical and mechanical 
failures of the composite under strain. Cracks therefore form in the ink coating when 
the sample is exposed to high deformation (50% strain) (Figure 1.2).  
 
 
 
Figure 1.2 SEM image of a crack (hole) in ink film on PVC under a 50% strain 
(Merilampi et al. 2010). 
 
Recently, several improved approaches have been introduced, such as by pre-straining 
(Figure 1.3 A) (Wang et al. 2011a) or pre-twisting (Figure 1.3 B) (B́fahy et al. 2007) 
to the stretchable material during metal deposition. This material is then relaxed to 
bring the stretchable matrix back to its original form. The metal layer is therefore 
folded during the relaxation process and be re-extended up to that predetermined strain 
without leading to direct deterioration or failure. Limitations of this technique include 
ageing, limited deformation pattern, and limited deformation direction.  
 
The transfer printing process (Bae et al. 2010; Jain et al. 2005) was also used to prepare 
stretchable and conductive composite films. A graphene-based poly (ethylene 
terephthalate) (PET) touch-screen panel was produced using a roll-to-roll transfer-
printing technique (Figure 1.4). The graphene grown on copper foil was firstly stuck 
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on to a polymer support, followed by etching the copper foil and transferring on to the 
target substrate. The continuous movement of graphene sheets and polymer films is 
controlled by a rolling system. The resistivity of this transparent graphene/PET film is 
as low as 30 Ω/sq and had a maximum strain of 6%, which is better than common 
transparent electronic products such as indium tin oxide (ITO) on PET which had the 
lowest resistivity of 80 Ω/sq and a maximum strain of only 2.5% (Cairns et al. 2000). 
However, the conductivity and mechanical property in this case are considerably 
limited, which cannot be used as stretchable conductors.  
 
 
(A) Pre-straining                            (B) Twisting 
 
Figure 1.3 (A) Schematic illustration of the fabrication of highly stretchable metallic 
conductors with pre-strained polyelectrolyte nano-platforms (Wang et al. 2011a). (B) 
Schematic description of sample preparation:  (a) unstrained PDMS wire, (b) twisted 
and stretched wire, (c) oxidized and metallized wire under strain, and (d) released wire; 
Digital photos of sample (B́fahy et al. 2007). 
 
In summary, to prepare a stretchable conductor it is essential to design and fabricate a 
robust, highly conductive but stretchable structure. So far, the most promising results 
were obtained by pre-straining or pre-twisting the stretchable structure prior to 
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deposition of conductive materials. However, ageing and mechanical failures could 
occur if samples are forced to stretch always in the same way as pre-straining. 
Furthermore, expensive metal deposition in vapour phase and complicated transfer 
printing technique are other obstacles for the production of stretchable conductors in 
an easy and cost-efficient way. 
 
 
(A) Roll-based production 
   
  (B) Graphene/PET touch panel              (C) Graphene-based touch-screen panel 
 
Figure 1.4 (A) Schematic of the roll-based production of graphene films grown on a 
copper foil; (B) An assembled graphene/PET touch panel showing outstanding 
flexibility; and (C) A graphene-based touch-screen panel connected to a computer with 
control software (Bae et al. 2010). 
 
1.2.2 Conductive materials embedded within stretchable substrates 
 
As the synthetic technique improves, researchers are now focusing more on the study 
of the fabrication of flexible circuit by exploiting special structure of conducting 
materials, such as horseshoe, wavy and net-shaped structures. Instead of coating 
conducting materials on stretchable substrates, these specially shaped conductors are 
embedded in elastomeric materials. The design of the conductive material shape and 
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configuration is critical to pre-store the elasticity and maintain the electrical 
conductivity.  
 
1.2.2.1 Embedded metal structures 
 
In order to maintain electrical performance of stretchable conductors when they are 
subjected to an external strain, the structure of metal wires needs to be designed 
stretchable. Compared with a straight metal wire, some patterns of metal wire, such as 
horseshoe shape (Figure 1.5A) and network shape (Figure 1.5 B), are more stretchable 
(Hsu et al. 2011; Hyun-Joong et al. 2009).  
 
 
 
Figure 1.5 (A) Schematic illustration of horseshoe patterned Cu wire embedded in 
PDMS substrate (left) and the photograph of stretchable Cu/PDMS conductor (right); 
and (B) Structure of the biaxial stretchable Au conductor with liquid alloy covered 
joints (left) and photograph of network shaped stretchable interconnect (right) (Hsu et 
al. 2011; Hyun-Joong et al. 2009). 
 
Taking horseshoe shape as an example, a meandered pattern of metal wire offers large 
deformation when strains are applied. As shown in Figure 1.6A, a horseshoe shaped 
conducting wire can withstand deformations from the original position up to 50% of 
strain. However, this structure has a number of drawbacks. For instance, mechanical 
and electrical failures are likely to occur at the crests of the horseshoe-shaped metal 
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wire where stress is accumulated (Figure 1.6B). Apart from metal fracture, 
delamination between metal wire and stretchable substrates (Figure 1.6C) may also 
result in mechanical and electrical failures of stretchable conductors (Gonzalez et al. 
2008; Huyghe et al. 2008). The limitation of horseshoe shape is that samples can only 
provide unidirectional deformation, which limits the applications of stretchable 
conductors in universal directions (Gonzalez et al. 2008; Huyghe et al. 2008). 
 
 
 
Figure 1.6 (A) Schematic illustration of deformation of horseshoe-patterned metal 
conductor and the region of strain distribution; (B) Crack in the crests of Cu line after 
stretching; and (C) SEM image of delaminated metal sample with 100% stain (Bossuyt 
et al. 2011; Hsu et al. 2011). 
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1.2.2.2 Embedded carbon structures 
 
Carbon materials can be incorporated into stretchable substrates in a similar fashion to 
metal structures as a continuous network. Most studied embedded carbon materials are 
nano-materials, such as graphite, CNTs, diamond and graphene, which have large 
specific surface and superior electrical properties (Kim et al. 2012; Rawson et al. 2012). 
Shin et al. (2010) infiltrated aligned multi-walled CNT forests with a dense 
polyurethane (PU) matrix (Figure 1.7A). After repeated mechanical deformation 
cycles of bending or twisting, the sample undertaking the bending-ageing showed a 
lower normalized resistance change of only 1.01% (Figure 1.7B). The reversibility of 
resistance changes can be explained by a 3D accordion structure which was made of 
accordion-like CNT forest skeleton and PU binder (Figure 1.7C). Unchanged 
mechanical and electrical properties could be maintained via the opening and closing 
of this accordion structure (Shin et al. 2010). 
 
 
 
Figure 1.7 (A) Schematic diagram of the preparation method for the CNT/PU 
composite sheet; (B) Dependence of zero strain resistance (R/R0) on the number of 
bending and twisting cycles; and (C) Model of the 3D accordion structure of CNT/PU 
composite (Shin et al. 2010). 
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A recent research on CNT embedded stretchable materials was reported by Liu et al. 
(2011). A super vertically aligned CNT yarn are cross-stacked into PDMS substrates 
using the embedding method. The woven structure of CNT enhanced the anisotropy 
of the composite, leading to homogeneous 2D deformation. After the preparation of 
cross-stacked CNT, the weaves were embedded with PDMS to form CNT/PDMS film 
(Figure 1.8). The resistance of the obtained CNT/PDMS film (45o, 45o) (Figure 1.8C) 
increased by around 35% under a strain of 30% along a direction which formed an 
angle of 45° in the first stretch process. This big increase in the resistance may be 
because some CNT joints were broken when CNT film was stretched together with 
PDMS (Liu et al. 2011). After 200 stretching cycles under a strain of 15%, the 
resistance of the CNT/PDMS film maintained nearly unchanged. 
 
 
 
Figure 1.8 (A) Fabrication process of cross-stacked CNT films on a square frame; (B) 
Densifying the cross-stacked CNT layers by dipping them in ethanol; (C) Fabrication 
of cross-stacked (45o, 45o) CNT/PDMS composite films; and (D) Schematic 
illustration of making 2 layers of super aligned cross-stack films and a TEM image 
(Jiang et al. 2011; Liu et al. 2011). 
 
In summary, both conductivity and stretchability can be increased to some extent by 
designing special-shaped conductive materials for embedding. One challenge in this 
method is to mass fabricate stretchable conductors of a large surface-area and volume. 
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1.2.3 Blending conductive materials with stretchable matrix 
 
Blending conducting materials with stretchable matrix is also challenging as it requires 
good control of the charge phase dispersion across the blending matrix. The network 
formed by conductive charges must overcome the percolation threshold of the 
composite to allow for charge diffusion (Sekitani & Someya 2010). The concentration 
of these conductive particles within the stretchable matrix must therefore be high 
enough to maintain the electrical conductivity of the composite under strain. However, 
the increase in the concentration of conductive particles typically enhances the 
stiffness of the composite and therefore reduces the overall stretchability (Sekitani et 
al. 2008).   
 
 
 
Figure 1.9 Manufacturing process of SWNT film, SWNT elastic conductor and SWNT 
paste (Sekitani et al. 2008). 
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Sekitani et al. (2009; 2008; 2010) successfully synthesised a conductive film by 
uniformly dispersing single-walled CNTs into a mixture of highly elastic fluorinated 
co-polymer and PDMS. The dine bundles of CNTs can be obtained by grinding with 
imidazolium ion-based ionic liquid (BMITFSI). Pure CNTs without any defects are 
easy to aggregate due to high surface activation energy, but this ionic liquid assists 
CNTs dispersion without damaging the structure of CNT. After the dispersion of CNTs, 
ionic liquids can be recycled by Soxhlet for the next grinding process. A CNT film 
was fabricated by mixing CNT dispersion with co-polymer matrix and dried in room 
temperature for 24 hours. The dried CNT film, which was perforated with punching 
system, was subsequently coated with elastic PDMS. The specific synthesis process of 
the CNT film, CNT elastic conductor and CNT paste is shown in Figure 1.9. 
 
 
 
Figure 1.10 Conductivity of SWCNT film (1), SWCNT elastic conductor (2) and 
conventional carbon particle filled rubber (3) as a function of uniaxial tensile strain 
(Sekitani et al. 2008). 
 
The conductivity of CNT film, CNT elastic conductor and conventional carbon 
particles filled rubber was systematically compared in Figure 1.10. The conductivity 
of CNT film and CNT elastic conductor was both as high as 57 S/cm without a strain, 
while the common conducting rubber only had a conductivity of around 0.1 S/cm 
although its stretchability was up to 160%. The conductivity of CNT film decreased 
significantly when the film was stretched by a strain of 38%, while CNT elastic 
conductor showed a better stretchability of 134% than the CNT film. This result 
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illustrates that CNT has a higher conductivity than conventional carbon particles, and 
the structure of conductive material is vitally important to the conductivity of 
composite. 
 
Other recent studies on blending conducting materials with stretchable matrix have 
been also reported (Hu et al. 2009; Kim, Vural & Islam 2011; Li & Shimizu 2009). 
For example, Kim et al. (2011) fabricated a stretchable single-walled CNT/PDMS 
composite with the conductivity of as high as 0.70-1.08 S/cm when the density of CNT 
was from 8 to 10 mg/mL by backfilling CNT aerogels with PDMS. This kind of CNT 
aerogel was isolated nanotubes, so any elastomer could be used without the 
requirement of dispersing CNT in the elastomer (Bryning et al. 2007). The dried CNT 
aerogels could support a large amount of weight which revealed a good tensile strength 
(Figure 1.11a and b). As shown in Figure 1.11c and d, CNT aerogel exhibited a porous 
structure and every single nanotube was independent composing a classic filamentous 
network. Blending this outstanding CNT aerogel with elastic PDMS could obtain 
stretchable conductors with excellent comprehensive performance. The normalized 
resistance of CNT-aerogel/PDMS composite films increased almost linearly with the 
tensile strain during the first two stretch-releasing cycles (Figure 1.11e). This 
illustrates that the conductivity of CNT-aerogel/PDMS composite films still cannot 
remain unchanged when a high strain is applied.  
 
 
 
Figure 1.11 Images of SWCNT aerogels: a) Photograph of pristine SWNT aerogel (left) 
and reinforced SWNT aerogel (right); b) Three reinforced SWNT aerogel pillars 
supporting 100g; c) SEM image of aerogels; d) TEM image of aerogels. Normalized 
resistance of SWNT-aerogel/PDMS composite films as a function of uniaxial tensile 
strain: e) first two stretch-releasing cycles (a photograph of rectangular structure 
composite film is shown in the inset) (Bryning et al. 2007; Kim, Vural & Islam 2011).
 14 
 
Table 1.1 Electrical and mechanical properties of conductive elastomers 
Ingredients 
Initial Conductivity 
(S/cm) 
Maximum 
Stretchability 
(%) 
Conductivity 
at break 
(S/cm) 
CNT loading 
contents 
(wt%) 
Conductivity after 
loading-unloading 
cycles 
Technique References 
Bundled SWCNT, 
BMITFSI, fluorinated co-
polymer, PDMS 
57 134 0.6 20  
no significant change  
25% strain-4000  
50% strain-500  
20 to 50 70% strain 
or 1 to 2 110% strain 
Solution 
Blending 
(Sekitani et 
al. 2008) 
Network MWCNT, tri-
block co-polymer (SEBS) 
5.16 300 2×10-4 15 N/A 
Melt 
Blending 
(Li & 
Shimizu 
2009) 
Super long SWCNT, 
fluorinated rubber 
30 150 N/A 10 
8 times lower than 
the original value 
after 100 cycles 
Solution 
Blending 
(Ata et al. 
2012) 
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The recent results on electrical and mechanical properties of CNT conductive 
elastomers are summarized in Table 1.1. It is obvious that high CNT loading contents 
contribute to the high electrical conductivity of elastomers, but also decrease the 
stretchability of elastomers. The stretchability can be further enhanced by various 
approaches including the improvement of dispersing process, the use of CNTs with 
flexible structure, etc. (Sekitani et al. 2008). 
 
In summary, blending approach is a cost-effective way to fabricate stretchable 
conductors without the use of expensive and complicated equipment, thus this method 
is suitable for both research in the laboratory and mass production. However, it is still 
challenging to improve the electrical conductivity by using the simple mixing method, 
which could be the future issue to deal with. 
 
1.3 Candidates for elastomers 
 
PDMS is a widely used stretchable substrate due to its nontoxic, non-flammable, inert 
and viscoelastic properties. At a high temperature, PDMS behaves like a viscous liquid, 
but after a certain flow time or at a low temperature, PDMS acts like an elastic rubbery 
solid. The usually high level of viscoelasticity of PDMS is attributed to the molecule 
structure of PMDS. PDMS is polymeric organosilicon compound whose repeating unit 
is monomer SiO(CH3)2. Its chemical formula is shown in Figure 1.12. Because of the 
siloxane linkages, PDMS possesses very flexible polymer molecule chains. 
 
Si
O
Si
O
Si
n  
 
Figure 1.12 The chemical structure of polydimethylsiloxane (PDMS). 
 
Apart from PDMS, natural rubber (NR) which is also referred to as polyisoprene could 
be a quite good choice although there is little report about NR as matrix applied in 
stretchable conductors. The advantages of NR are considerably obvious. For example, 
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NR, as a renewable resource, has excellent comprehensive properties including high 
mechanical strength, extremely high elasticity, and waterproof. As to the elasticity of 
NR, it can be stretched for over 700%, which is higher than most elastomers, because 
the molecular chain (Figure 1.13) in NR matrix can freely move between the 
crosslinking points when the external force is applied. 
 
C CHCH2
CH3
CH2
n  
 
Figure 1.13 The molecular chain structure of NR. 
 
So far, there are only few papers (Borowski 2008; Sekitani et al. 2008) reporting about 
the improvement of electrical conductivity of NR and the results are not satisfying. 
The conductivity of rubber filled with carbon particles is only 0.1 S/cm which is too 
low to be used as conductors. Therefore, the research on conducting rubber is 
significantly worth persuing. Also, it will bring a new function to NR products and 
explore broad applications of NR. More importantly, it is believed that changing NR 
products from insulated to conductive is a significant contribution to either NR 
products or electronic products. 
 
1.4 Candidates for conductive material in stretchable conductors 
 
The most used strategy to fabricate stretchable conductor is to combine electrically 
conductive materials with elastic materials by coating or encapsulating. The most 
commonly used conductive fillers include metal and carbon based nano-materials 
(Chen et al. 2011b; De et al. 2009; Hong et al. 2010a; Wang et al. 2012a). Both of 
them have achieved cheerful progress. Zhou (2011) reported a stretchable material 
which was fabricated by vapour deposition of gold on pre-stretched silicon rubber 
films. This conducting material could be stretched up to 100% without losing 
conductivity by pre-stretching the substrate. However, its maximum conductivity is 
less than 0.1 S/cm which is much lower than widely used conductors such as silver 
(6.30×105 S/cm) and copper (5.96×105 S/cm) (Griffiths 1999; Serway 1998), although 
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the conductivity can maintain unchanged under a 100% strain. When the tensile strain 
was larger than 100%, the conductivity of the film decreased gradually due to the 
formation of cracks on gold layer.  
 
Another conductive material, which is also widely applied in elastomers, is carbon 
nano-material. For example, CNTs embedded in PDMS were demonstrated to 
maintain their stable conductivity under tensile strain up to 100%, but the resistance 
increased by 1.5 times (from 18.8 to 47.3 kΩ) when the film was stretched to 220% 
(Zhang et al. 2010d). No matter what strategies (coating or encapsulating) were used, 
utilizing conductive materials with large aspect ratio or in liquid state can really bridge 
cracked regions and maintain their conductivity under tensile strains (Cheng et al. 
2009). 
 
Carbon nano-materials, such as graphene and CNTs, have high aspect ratio, excellent 
thermal and electrical conductivity as well as robust mechanical property, which make 
them very promising materials for application in stretchable conductors (Chen et al. 
2011b; De et al. 2009; Hong et al. 2010a; Wang et al. 2012a). CNTs and graphene 
have the same fundamental structure-hexagonal carbon lattice. Graphene consists of a 
single-atom-thick two-dimensional (2D) plane of sp2-bonded carbon atoms, and rolled 
single-layer graphene constitutes one-dimensional (1D) single-walled CNT (Figure 
1.14). Although CNTs and graphene possess the same structural components, the 
comprehensive properties of graphene are much superior to CNTs. For example, 
graphene, as the thinnest material in the world, is harder than diamonds and the 
electron mobility of graphene is faster than any known conductors at room temperature. 
Furthermore, the interconnection between carbon atoms in graphene is very flexible. 
When an external mechanical force is applied to graphene, carbon atoms plane can 
tune into bending deformation and keep stable structure without rearranging carbon 
atoms to adapt to this external force (Rao et al. 2009). The steady lattice structure of 
graphene leads to its high electrical and thermal conductivity. The specific electronic 
properties of graphene including a high integer quantum Hall effect, an ambipolar 
electric field effect, the Klein paradox, as well as ballistic conduction of charge carriers, 
are related to the electronic structure of graphene (Chen, Tang & Li 2010; De Heer et 
al. 2010; Dubois et al. 2009). Aromatic macromolecules constituted graphene’s 
honeycomb lattice, with linear energy dispersion, internal degree of freedom and 
electron–hole symmetry, promises graphene acting as a zero-gap semi-metal (Biswas 
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& Lee 2011).  
 
In consideration of these outstanding mechanical strength and electronic property, 
there is no doubt that graphene is an ideal candidate for applications in stretchable 
conductors (Bae et al. 2010; Chen et al. 2011c; Eda, Fanchini & Chhowalla 2008b; Ji, 
Doorn & Sykora 2015; Kim et al. 2009b). Graphene, as a two dimensional (2D) 
nanomaterial, exhibits good flexibility and bendability, but this 2D graphene structure 
lacks stretchability to satisfy the deformation demanded by extra force (Ovid'ko 2013). 
This could limit the application of graphene materials as stretchable conductors. 
Therefore, developing three dimensional (3D) graphene based composites that have 
high mechanical strength has been recognised as a powerful approach to forming a 
stretchable architecture that maintains conductivity under deformation. 
 
 
 
Figure 1.14 The basic structural element of sp2 carbon materials (Rao et al. 2009). 
 
1.4.1 Synthesis methods of graphene 
 
Before introducing current graphene based 3D architectures, how to synthesize 
graphene has to be comprehensively understood. Graphene can be produced using 
Fullerene CNT Graphite 
Graphene 
Sheet 
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three primary routes (Grayfer et al. 2011; Kim, Abdala & MacOsko 2010; Kuilla et al. 
2010; Park et al. 2012; Sengupta et al. 2011; Soldano, Mahmood & Dujardin 2010; 
Sun & Fabris 2011; Wei & Liu 2010; Zhu et al. 2010). The first one is mechanical 
exfoliation which is also called the peel-off or scotch tape method. No special 
equipment is needed and high quality of graphene can be attained by this mechanical 
exfoliation. However, it is a kind of labour intensive job and the yield of graphene is 
low, leading to the unsuitability for large-scale production. The second route is 
epitaxial growth or chemical vapour deposition (CVD) on the substrate. The key 
challenge in this approach is that it is difficult to control the morphology and 
adsorption energy including the thickness of graphene sheets. Worth to mention, large-
area graphene can be obtained by CVD, which is a major contribution from CVD 
method to fabricate graphene with prominent properties. The third method is the 
reduction of GO, including chemical reduction and thermal reduction. Currently, this 
is the most promising method for large-scale manufacture of graphene due to its 
relatively low cost of synthesis. The conversion from graphite to GO can be done by 
using Hummers method (Hummers & Offeman 1958) or other oxidation methods 
(Staudenmaier 1898). During the oxidation process, many concentrated oxidants 
(KMnO4, H2SO4, HNO3 and KClO3) are used. 
 
There is no doubt that all of these methods have merits and shortcomings, and detailed 
inter-comparisons are summarized in Table 1.2. Although the other two methods are 
indispensable for the fundamental research of graphene properties, reduction of GO is 
the only way to massively produce graphene and modify the surface of graphene for 
synthesizing graphene-based composites which contribute to applications in a broader 
field. Therefore, in the contents below we will concentrate on the method of reduction 
of GO. 
 
Graphite is used as the starting materials in production of reduced GO. The specific 
process is showed in Figure 1.15. Initially, graphite is oxidated by strong concentrated 
acid. After oxidation, many oxide functional groups, such as hydroxyl and epoxy 
groups on sp3 hybridized carbon on the basal plane, carbonyl and carboxyl groups on 
sp2 hybridized carbon at edges, are introduced into graphite oxide. GO is a monolayer 
sheet prepared by the exfoliation of graphite. Due to these hydrophilic groups, GO can 
be well dispersed in water or hydrophilic polymer solutions, which contributes to 
produce graphene-based composites with good performance. Also, because of these 
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oxide functional groups, the surface of GO provides more reacting sites with other 
polymers. One significant defect of GO is that GO is electrically insulating because of 
the disruption of the conjugated electronic structure by these hydrophilic groups. 
However, the conductivity of graphene could be largely recovered by chemical and 
thermal reductions although the conductivity of reduced graphene is lower than that of 
defect-free graphene. 
 
Table 1.2 Advantages and disadvantages of methodologies used to synthesize 
graphene 
Methods Advantages Disadvantages 
Electrical 
Conductivity 
(S/cm) 
References 
Mechanical 
exfoliation 
High quality;  
monolayer or a 
few layers of 
graphene 
Labor-
consuming;  
Low yield; size 
uncontrollable 
~1×107 
(Martinez, 
Fuse & 
Yamashita 
2011; 
Novoselov et 
al. 2004; 
Singh et al. 
2011; 
Soldano, 
Mahmood & 
Dujardin 
2010) 
Epitaxial 
growth/CVD 
Large area;  
high quantity 
Rigorous 
growth 
condition 
~4.3×108 
(single layer 
graphene) 
(Grayfer et 
al. 2011; Hu 
et al. 2011; 
Negishi et al. 
2011; 
Strupinski et 
al. 2011) 
Reduction of 
GO 
Large-scale 
production; short 
reaction time;  
easy 
modification and 
more 
applications 
Use hazardous 
chemicals ~ 0.05 – 500 
(Bai, Li & 
Shi 2011; 
Grayfer et al. 
2011; Zhu et 
al. 2010) 
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Figure 1.15 Synthesis of graphene by reduction of graphene oxide (Bai, Li & Shi 2011) 
 
1.4.2 Controlled synthesis of GO 
 
Generally, GO is obtained through chemical oxidation of graphite using strong 
oxidants and ultrasonic exfoliation. Graphite oxide was first synthesized by Brodie in 
1859 (Brodie 1859), and then improved by Hummers and Offeman in 1958 (Hummers 
& Offeman 1958) using a mixed acid oxidation (NaNO3, H2SO4, and KMnO4). 
Currently, modified Hummers’ methods (Krishnan et al. 2012; Pei & Cheng 2012b; 
Shao et al. 2012; Su et al. 2012; Zhang et al. 2011b) are commonly used as they are 
safer, quicker and more efficient. Marcano et al. (2010) reported an improved method 
to prepare GO by increasing the amount of KMNO4 and using H3PO4 instead of 
NaNO3. Apart from the improvement in the efficiency of oxidation process, the biggest 
merit of this method is that no toxic gas is generated during the fabrication process 
(Marcano et al. 2010). Although many modified versions have been developed, the 
main oxidation mechanism is unchanged. The most well-known structural model of 
GO is proposed by Lerf and Klinowski (1998; 1998) and shown in Figure 1.16. A large 
number of carboxylic acid are produced first on sp2 hybridized carbon at the edges 
then phenol, hydroxyl and epoxide on sp3 hybridized carbon on the basal plane of 
graphene sheets under strong oxidation of H2SO4/KMnO4.  Therefore, GO is highly 
hydrophilic and can be easily dispersed in water and some organic solvents, such as 
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ethylene glycol, DMF, NMP and THF. However, the electrical characteristics of GO 
are disappeared due to limitation of electron transport by the presence of oxidized 
functional groups. Fortunately, the electrical property can be partly restored by 
chemical reduction, thermal reduction, microwave and photo reduction.  
 
 
 
Figure 1.16 Lerf–Klinowski structural model of GO (He et al. 1998; Lerf et al. 1998) 
 
Controlling oxidation degree of GO is especially important to obtain GO solution with 
the minimum structure damage. It is still challenging to control the size, and oxidation 
degree of GO sheets due to violent oxidation reaction. Zhang et al. (2009b) studied the 
effect on sheet size of GO by changing oxidation time and the concentration of 
oxidants. They successfully obtained GO sheets with an average area from 59,000 to 
550 nm2. It is found that GO size is inversely proportional to the functional groups of 
GO (Zhao et al. 2010). In another words, bigger size of GO sheet has less degree of 
oxidation. Zhao et al. (2010) also synthesized GO sheets with a mean size of ~7000, 
1000-3000 and 100-300 μm2 by increasing oxidation time and doubling the amount of 
KMnO4 (Figure 1.17). These results illustrate that the oxidation degree of GO 
increased with increasing the amount of oxidants and reaction temperature.  
 
 23 
 
 
 
Figure 1.17 SEM images and the corresponding area distributions of GO I (a, d), II (b, 
e increasing oxidation time), and III (c, f doubling the amount of KMnO4) (Zhao et al. 
2010). 
 
1.4.3 Restoration of conductive property of graphene 
 
Functionalized GO or GO composites have to be reduced to form graphene or 
graphene composites in order to recover the outstanding electronic property of the 
graphene. According to the order of graphenization, all of the methods can be simply 
classified into three general strategies (Figure 1.18) (Bai, Li & Shi 2011).  
 
The first is pre-graphenization. In this strategy, reduced graphene was prepared before 
the incorporation of the second component. However, reduced graphene is usually 
easy to deposit; therefore, special technique should be introduced in the process of 
synthesizing composite, such as chemical modification. The primary merit of this 
strategy is that the properties of the graphene can be recovered well. The second 
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strategy is post-graphenization. Specifically, a composite composed of GO and the 
second component is pre-synthesized, and then the GO composites converted into 
reduced graphene composite. GO is a good precursor because a variety of 
modifications can be carried out through the oxide functional groups on the surface of 
GO. The third one is syn-graphenization strategy. In other words, the graphenization 
and the reaction between GO and the second component happen simultaneously in one 
system. No matter which strategy is used, GO, as the precursor material, must be 
reduced to graphene in order to recover its outstanding electronic property. 
 
 
 
Figure 1.18 Three general strategies for the synthesis of reduced graphene-based 
composites (Bai, Li & Shi 2011). 
 
There are three main reduction methods (Table 1.3): chemical reduction, thermal 
reduction and irradiating reduction. In chemical reduction of GO, the conjugated 
structure could be re-established by several reducing agents, such as hydrazine, 
dimethylhydrazine, hydroquinone and sodium borohydride (Grayfer et al. 2011; Kim, 
Abdala & MacOsko 2010; Singh et al. 2011). Taking hydrazine for example (Figure 
1.19), hydrazine does not react with carbonyl and carboxyl groups at the edges of 
graphene sheet but reduce epoxy groups on the basal plane (Stankovich et al. 2007). 
Because of the increase in hydrophobility, reduced graphene sheets aggregate in 
aqueous. The deposition of reduced graphene can be prevented by covalent 
modification such as amidation or non-covalent modification such as using surfactants 
(Grayfer et al. 2011; Kuilla et al. 2010). The electrical conductivity of reduced 
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graphene films (C/O ratio of 12.5) performed solely by hydrazine is 99.6 S/cm (Pei & 
Cheng 2012b).  
 
Table 1.3 Comparison among different reduction method of GO 
Methods Reducing agents Safety Efficiency 
(C/O ratio) 
Usefulness 
Chemical 
reduction 
Hydrazine, 
dimethylhydrazine, 
hydroquinone, sodium 
borohydride, etc 
Hazardous 
chemicals 
> 12 Able to produce 
large amount 
Thermal 
reduction 
High temperature annealing 
and reducing gas 
environment (hydrogen) 
High 
temperature 
> 13 Highly effective 
Irradiating 
reduction 
Microwave, laser and 
gamma ray irradiation 
Irradiation 
hazards 
2-5 Fast reduction in 
several minutes 
 
 
 
Figure 1.19 A proposed reaction of epoxy reduction on GO by hydrazine (Stankovich 
et al. 2007). 
 
Recently, Chua et al. (Chua, Ambrosi & Pumera 2012) reported another industrial 
reducing agent, thiourea dioxide. The reduced graphene with a C/O ratio of 16 showed 
an excellent electrochemical performance with a low charge transfer resistance of 0.11 
kU. This new methodology not only provides industrial scale reduction of GO but also 
reduces produced wastes with standard protocols. A triethylene glycol (trigol) is a 
newly reported reducing agent for GO, which is considered to be another ideal 
reductant instead of hydrazine. In this strategy (Figure 1.20), hydroxyl groups in trigol 
attack epoxy groups on GO sheet acting as a nucleophile. After that, a conjugated 
network of graphene is formed by thermal removal of aldehyde. The obtained reduced 
graphene with high quality has a specific capacitance of 130 F/g and an energy density 
of 18 Wh/kg. Compared with hydrazine reduced graphene, this approach expands 
applications of graphene and graphene based nanocomposites in the field of energy 
storage (Mhamane et al. 2012). Although chemical reduction of GO could provide thin 
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and a large amount of graphene, some hazardous chemicals used or produced in the 
reduction process must be well disposed of. 
 
 
 
Figure 1.20 Proposed mechanism of trigol based reduction of GO (Mhamane et al. 
2012). 
 
In addition to chemical reduction, thermal reduction of GO is another alternative to 
produce graphene. Thermal reduction of GO extrudes the oxide functional groups into 
carbon dioxide (CO2) under high temperature and inert gas. The generation of pressure 
by the CO2 gas can lead to volume expansion of graphene layers and form low-bulk-
density reduced graphene. In this strategy, the heating temperature is an extraordinary 
factor affecting the effect of reduction on GO. It is reported that the C/O ratio was no 
more than 7 when the temperature was less than 500 ºC. However, if the temperature 
increased up to 750 ºC, the C/O ratio could be larger than 13 (Pei & Cheng 2012b). 
McAllister et al. (2007) found that the C/O ratio can be increased up to 660/1 at higher 
temperature (1500 oC) for a long time, compared to 2/1 for GO. Furthermore, the 
electrical conductivity of reduced graphene can be restored from 10 to 23 S/cm with 
the thermal reduction of GO (Schniepp et al. 2006).  
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Modern heating resources including microwave irradiation (Chen, Yan & Bangal 2010; 
Hu et al. 2012; Long, Fang & Chen 2011; Lu et al. 2011; Wang et al. 2011b) and photo 
irradiation (Cote, Cruz-Silva & Huang 2009; Zhang et al. 2010c) can also be used for 
thermal reduction. Compared with conventional high temperature reduction, rapid and 
uniform heating is the main merit of microwave reduction. Reduced graphene can be 
conveniently obtained by heating GO solution or GO powder in a common microwave 
oven for several minutes. The conductivity of reduced graphene by microwave is 
nearly the same as that of graphene reduced by hydrazine (Wang et al. 2011b). The 
reduction effect is strongly related to the degree of oxidation of GO. This is because 
π–π conjugated structure (unoxidized region) in GO can act as microwave absorbents 
to transform microwave energy to heat and then trigger deoxygenation reduction 
reaction (Hu et al. 2012).  
 
A photographic camera flash can also be used as a reduction approach by photo-
thermal heating of GO. When the distance between GO film and camera is less than 2 
mm, the energy emitted by the flash lamp is 9 times of the thermal energy needed for 
heating 1 μm thickness of GO over 100 oC (Pei & Cheng 2012b). It is indicated that 
the degree of deoxygenation obtained by flash irradiation is much higher than that by 
the normal heating reduction. Flash irradiation can also create reduced graphene 
patterns by using photo masks which might open the door for applications in 
microcircuits (Figure 1.21a). An improved technique of photo reduction — 
femtosecond laser irradiation has been reported by Zhang et al. (Zhang et al. 2010c). 
More delicate patterns can be fabricated by a pre-programmed laser drawing on GO 
film (Figure 1.21b-e). The electrical conductivity of reduced graphene by femtosecond 
laser irradiation is as high as 256 S/cm, which strongly depends on output power of 
femtosecond laser (Zhang et al. 2010c).  
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Figure 1.21 Reduced GO pattern film obtained by (a) flash reduction (Cote, Cruz-Silva 
& Huang 2009) and (b–e) femtosecond laser reduction (Zhang et al. 2010c). Scale bars, 
10 μm (The black parts in the films are the reduced GO patterns). 
 
1.5 Graphene based 3D architectures 
 
In this section, the most recent progress in graphene based 3D structures including 
graphene foams, graphene hydrogels, crumpled graphene and graphene composites 
will be discussed and the general information is summarized in Figure 1.22. 
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Figure 1.22 The methods to fabricate 3D graphene architectures such as in situ growth, 
freeze drying, spinning, vacuum filtration, solution mixing, self-assembly and 
template removal will be extensively examined and properties related to the structures 
are briefly introduced. 
 
1.5.1 Graphene based single phase 
 
1.5.1.1 Graphene forms 
So far, single phase graphene 3D architectures have been obtained either by direct in 
situ growth of graphene (Dong et al. 2012c) or derived from GO sheets (Niu et al. 
2012). Although in situ growth processes, such as CVD, provide graphene of high 
purity and crystallinity, the yield of these techniques is typically low (Choi et al. 2010). 
On the other hand, low grade graphene could be mass produced from the reduction of 
GO (Singh et al. 2011). Freestanding 3D graphene foams (GFs) are the most studied 
structure to date. GF are alveolus-like graphene semi-porous frameworks made of 
 30 
 
interconnected nano to macro pores (Brownson et al. 2013). The structure of GFs 
particularly offers superior prospects within the field of electrochemical processes and 
separation (Dong et al. 2012b; Dong et al. 2012c) for its high specific surface area, 
strong mechanical properties and porous nature. The detailed description and 
comparison of the methodologies to fabricate 3D graphene foams will be presented in 
this section. 
 
1.5.1.1.1 Growing graphene foams with chemical vapour deposition 
 
 
 
Figure 1.23 Flow-chart of synthesis process of freestanding GF by CVD (Cao et al. 
2011). 
 
The processing of highly crystalline 2D defect-free graphene sheets has been 
extensively performed by CVD on flat metallic foils, such as copper (Ismach et al. 
2010; Li et al. 2011a). Alternative forms to these flat substrates were recently 
investigated in the form of porous metal foams (Cao et al. 2011), allowing for the 
growth of a continuous uniform 3D graphene network on the surface of the metallic 
foam. GFs were produced on preformed foam templates, such as nickel (Figure 1.23) 
(Cao et al. 2011). Pre-formed nickel foam sheets were inserted into a quartz tube and 
heated to a high temperature under Ar and H2 environment to remove oxides formed 
on the surface of the nickel foam. Carbon sources, such as ethanol or methane, can 
then be introduced into the quartz tube at atmospheric pressure, to provide necessary 
carbon feed-stock precursor to the CVD growth (Ibrahim et al. 2012). After several 
minutes of reaction, the samples were quickly cooled to ambient temperature and were 
ready for the next step - etching nickel foam with FeCl3 or HCl. To prevent the 
structural collapse of graphene foam during the etching process, a small amount of 
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poly (methyl methacrylate) (PMMA) solution was needed to coat the nickel foam 
grown with graphene (Ni-GN) and dried as a protective film. Then the Ni-GN sample 
coated with PMMA (Ni-GN-PMMA) was put into a hot HCl or FeCl3/HCl solution 
until the nickel layer was completely etched. PMMA was finally dissolved with 
acetone to obtain freestanding 3D porous graphene foams (Cao et al. 2011).  
 
 
 
Figure 1.24 SEM images of 3D GF with Ni foam (A) and without Ni foam (B) (Cao 
et al. 2011)); (C) Cyclic voltammograms of GC and 3D GF (Dong et al. 2012c)  
 
Pore size, porosity and morphology of the GFs are directly related to these of the initial 
porous nickel foam template (Figure 1.24). In addition to its naturally high porosity 
and pore interconnectivity, nickel foam is a commonly used template to assist in the 
construction of 3D graphene foam (Brownson et al. 2013). Since CVD-grown 
graphene foams are highly crystalline, their conductivity is similar to that of otherwise 
flat graphene sheets and in the order of 10 S/cm (Yavari et al. 2011). These graphene 
foams exhibit superior electro-chemical properties and can be used as advanced 
sensing and capacitance platforms. Dong et al. (2012c) grew graphene on a nickel 
foam template via CVD to fabricate 3D graphene foams and compared their 
electrochemical performance with that of glassy carbon (GC). Cyclic voltammograms 
obtained on these samples showed that the resistance of the graphene foam (~20.7 Ω) 
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is up to 3 times lower than that of traditional GC electrodes (~69.7 Ω), primarily due 
to a greater specific surface area of the exposed graphene, opening the route to the 
production of higher current density electrodes with applications for high sensitivity 
molecular sensing.  
 
1.5.1.1.2 Formation of graphene foams from graphene oxide 
 
 
 
Figure 1.25 Schematic of the leavening process to form GFs from GO BP (a) and SEM 
images of cross-section of GO (b) film and GF (c) (Niu et al. 2012). 
 
Single phase 3D graphene architectures can also be synthesized through a thermo-
chemical process without the assistance of any template by reducing the pre-formed 
GO BP. A leavening process (Niu et al. 2012) during which GO BPs were thermo-
chemically reduced with hydrazine monohydrate in an autoclave at 90 oC is shown in 
Figure 1.25 a. Hydrazine monohydrate is a strong reducing agent which can reduce 
functional groups on the surface of GO and simultaneously condense adjoining carbon 
atoms from sp2 to sp3 crystalline structures. H2O gas and CO2 are released during the 
reduction process in which the GO layers are exfoliated and diffused into the compact 
GO BP. The combined exfoliation and gas diffusion lead to the formation of macro-
pores across the structure. It can be seen that although GO films are made of tightly 
stacked layers and have a smooth surface (Figure 1.25 b), leavened GFs present a very 
rough surface as well as loose macro-structure (Figure 1.25 c). This leavening 
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phenomenon leads to large expansion between graphene sheets and to the formation 
of macro-porosity for pore size ranging from sub-micrometer to several micrometers. 
 
Alternatively, single phase 3D graphene architectures were processed by thermal or 
chemical reduction of GO in solution followed by freeze-drying (Wang et al. 2012b; 
Xufeng & Zhaoping 2011; Yang et al. 2011b; Zhang et al. 2011c). This technique 
produces a stable, rough, and highly porous and sponge-like structure (Tang et al. 
2010). The sponge-like graphene is obtained by direct sublimation of the solvent, 
typically water, from the frozen GO suspension. The size and shape of obtained 3D 
graphene architectures can be controlled by changing the volume and shape of the 
initial containers. For example, a cylindrical and spherical 3D graphene sponge could 
be formed by using containers of different shape (Figure 1.26). The single phase 3D 
graphene architectures fabricated by this technique (Zhang et al. 2011c) have strong 
mechanical properties, can support more than 14,000 times their own weight under 
compression, and have a high specific capacitance of 128 F/g.  
 
 
 
Figure 1.26 Photos of different shaped single phase graphene 3D architectures by 
reduction of GO followed by a freeze-drying process (Tang et al. 2010). 
 
GFs have also been prepared through nucleate boiling of rGO (Ahn et al. 2013). In this 
technique, the temperature of the surface is higher than the saturated fluid temperature, 
but the heat flux is below the critical heat flux of water. The GFs was formed at the 
same time when the GO was partially reduced into rGO at high temperature. The 
resulted GFs can be synthesized on any substrate without the use of an etching process, 
making it very competitive when compared with CVD growth. Partially reduced rGO 
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sheets were stacked onto a substrate such as silicon wafer prior to being placed onto a 
plate-heater (Figure 1.27 a). During the heating process, boiled water bubbles were 
formed at the interface between the layers of stacked rGO. With the help of the 
condensation between adjacent carboxylic groups remained on the partially rGO, 
porous architectures can therefore be obtained by varying the evaporation rate, 
exposed surface area and time of exposure to the boiling water (Figure 1.27 b). The 
properties of pure graphene can be largely recovered by further reducing or annealing 
the rGO once the desired structure is formed (Figure 1.27 c). The advantage of this 
method is low-cost, low energy consumption and universal adaption on various 
substrates (glass, copper foil and PDMS). More importantly, the final products possess 
a higher conductivity (11.8 S/cm) and a lower resistance (91.2 Ω·m) compared to that 
of graphene (10 S/cm) obtained by CVD (Ahn et al. 2013). 
 
 
 
Figure 1.27 The formation process of graphene foam by a simple nucleate boiling 
method: (a) base graphene layer (BGL) stacked on to the SiO2 surface; (b) bubbles 
were formed under a boiling condition and graphene foam structure started to 
assembled and (c) the morphology of finally formed graphene foam (Ahn et al. 2013). 
 
GFs as a novel graphene based 3D architecture have been fabricated through two main 
techniques and offer excellent platforms to produce complex graphene textures. CVD-
grown GFs offer an electrical conductivity very similar to graphene sheets and have 
versatile morphology by simply changing the original foam template. The drawbacks 
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of the CVD method, however, lie in its high capital and operational costs, and low 
production throughput. On the other hand, GFs derived from thermo-chemical 
reduction of GO is highly cost-effective and a certain control of the degree of reduction 
is possible, opening the route of pre-functionalized GF structures. One drawback of 
this reducing method is that the structure of reduced GFs is more likely random, 
leading to high defect contents which decrease the final electrical conductivity of the 
structure.  
 
1.5.1.2 Crumpled graphene 
 
Recently, novel 3D graphene structures – wrinkled or crumpled graphene structures 
(Compton et al. 2010; Luo et al. 2011; Luo et al. 2012; Thomas et al. 2015a; Wen et 
al. 2012; Zang et al. 2013a) have attracted much attention. These structures are 
designed to fabricate stretchable conductors with high stretchability. Generally, the 
elastic substrate was pre-stretched, coated with graphene prepared by chemical vapor 
deposition (CVD) or GO and relaxed to its original state (Zang et al. 2013a). The 
crumpled graphene is able to be stretched due to the pre-stored strain, which allows 
for the conductive pathway to remain intact for deformations within the pre-stretched 
range. The tensile strain of the crumpled graphene electrode on a substrate was shown 
to be as high as 450% even under 50 stretching and release cycles, and the resistance 
increased from 0.8 × 104 Ω to 1.8 × 104 Ω from zero strain to 450% strain (Figure 1.28). 
 
 
 
Figure 1.28 (A) Graphene crumples made by biaxially relaxing the substrate. (B) 
Resistance changes of crumpled graphene as electrode as a function of uniaxial tensile 
strain under multiple cycles (Zang et al. 2013a). 
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Although wrinkled structure with high stretchability can be formed by this pre-
stretching and releasing method, weak adhesion between graphene and substrate may 
lead to delaminated buckles and could not tolerate a series of stretching and release 
cycles (Zang et al. 2013a). Moreover, the tolerance to fatigue is still not well 
documented in the area of graphene based stretchable conductors, where the existing 
studies showed so far that the electrical conductivity can remain stable for only up to 
100 stretching-release cycles (Chen et al. 2013a; Chen et al. 2014; Chen et al. 2011c; 
Zang et al. 2013a). Therefore, graphene based stretchable conductors with both 
continuously electrical conductivity and high fatigue resistance require further 
development. 
 
The process of wrinkle formation involves the films of graphene materials, the 
substrate and the interaction between them. Wrinkles inspired from the natural human 
skin have excited researchers in materials science, which are promising for various 
applications, such as optical devices (Fu et al. 2009; Thomas et al. 2015a), cell culture 
substrate (Wang et al. 2016) and flexible and stretchable electronics (Compton et al. 
2010; Li et al. 2015; Luo et al. 2011; Luo et al. 2012; Wen et al. 2012; Zang et al. 
2013a).  
 
1.5.2 Graphene based 3D Composites 
 
3D graphene based architectures can be directly processed from graphene or by 
assembling and linking reduced graphene oxide (rGO) sheets through covalent or non-
covalent interconnection with other materials such as NPs, nanotubes and polymers. 
Graphene oxide (GO) is a simple and cheap precursor to synthesize graphene, which 
essentially consists of a process of de-hybridizing exfoliated graphene sheets. A 
number of surface functional groups including carbonyl, epoxy or hydroxyl can be 
present on their surface on the sites of defects across the crystalline graphitic planes 
(Hummers & Offeman 1958). Although these functional groups provide potential 
reactive sites for further surface functionalization and further particulate interactions, 
their presence may sharply reduce the electronic and thermal conductivity when 
compared to pristine graphene (Gómez-Navarro et al. 2007; Karim et al. 2013). For 
this reason, the overview of synthesis routes of graphene based 3D structures along 
with the properties related to these structures will be presented in the following 
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contexts. 
 
1.5.2.1 Graphene and CNTs 
 
The fabrication of graphene/CNT composites has been reported through a number of 
strategies and shown to be promising for the design of super-capacitors (Cheng et al. 
2011), electro-chemical sensors (Woo et al. 2012) and fuel cells (Yun et al. 2011).  
 
1.5.2.1.1 In situ growth of graphene and CNTs 
 
The in situ CVD growth of either graphene layers on the surface of CNTs (Rout et al. 
2012; Yu et al. 2011b) or CNTs on the surface of graphene sheets (Chen, Chen & 
Wang 2011; Nguyen et al. 2012b; Xiao et al. 2011) has been reported as a viable route 
to combine these two forms of carbon materials. Complex 3D networks were 
fabricated by either growing graphene sheets on the top of vertically aligned CNTs 
(Rout et al. 2012) or leaf-stem structures, where graphene sheets acted as nano-leaves 
onto CNTs (Figure 1.29a and b) (Yu et al. 2011b).  
 
 
 
Figure 1.29 (a) SEM image of graphene sheets grown on vertically aligned CNTs; the 
inset is a TEM image of the tip of a graphene/CNT, and (b) a close view of the 
graphene/CNT tip in panel b (Yu et al. 2011b). 
 
The in situ growth of CNTs onto graphene sheets was also found to exfoliate graphene 
sheets and prevent the restacking of graphene into graphite (Chen, Chen & Wang 
2011). The deposition of the catalyst onto the surface of GO sheets used for the CNT 
growth was assisted by microwave to achieve an even and homogeneous coating and 
the GO sheets were thermally reduced into rGO during the CNT growth. The length 
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of CNTs used (Chen, Chen & Wang 2011) was from 0.2 to 3 μm. When applying this 
composite as anode in Li-ion battery, the results showed that graphene/CNT composite 
with the shorted CNT length (0.2 ~ 0.5 μm) possessed higher reversible capacities of 
573 mAh/g and 520 mAh/g at low and high constant current, respectively, than those 
with other lengths (below 500 mAh/g and 400 mAh/g). Another study (Xiao et al. 2011) 
employed CVD to process 3D pillar shaped graphene/CNT composite as electrode 
materials, which presents a similar relationship between the length of CNT and 
specific capacitance. When finely controlling the length of CNTs grown on the surface 
of graphene sheets, the length of CNT was directly proportional to the pyrolysis time 
(Figure 1.30 a, b and c). The length of CNTs grown on the graphene was controlled 
by adjusting the growth time and concentration of feedstock gas (Figure 1.30 d). The 
length of CNT is from 5 up to 23 μm. The capacitance of the composite graphene/CNT 
was also found to be related to CNT length (Xiao et al. 2011), with the CNT length of 
10 μm offering a specific capacitance of 1400 F/g that is much higher than that CNT 
with a length of 20 μm (1050 F/g). These two observations illustrate a broad range of 
CNTs grown on graphene sheets from 0.2 to 23 μm, which really provides other 
researchers with a good reference to achieve desired conductive properties by 
controlling the length of the CNTs. 
 
 
 
Figure 1.30 (a-c) SEM images of the thermally expanded graphene layers intercalated 
with vertically aligned CNTs for different times of 5, 10, and 30 min, respectively, and 
(d) the length of CNT as a deposition time (Xiao et al. 2011). 
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Apart from the above studies, the arrangement of the CNT arrays on graphene sheets 
can also be regulated by polymeric template. Block copolymer can form uniform and 
well-ordered nano-porous structure which can assist the growth of CNTs in a 
controllable manner. Lee et al. (Lee et al. 2010a) reported the growth of CNTs onto 
stacked GO platelets under a mixed gas of C2H2/H2/NH3 by PE-CVD in a nano-porous 
polymer template. The specific process and the SEM images of CNTs and well-
structured CNT arrays are presented in Figure 1.31. Firstly, a GO solution was coated 
on a SiO2 substrate followed by patterning catalysts on dried GO surface with the 
assistance of nano-porous template, and then vertically aligned CNTs were grown at 
the catalyst points at a high temperature of 600 qC. This process will benefit the circuit 
manufacturer due to the tuneable structure and pattern of CNT arrays on graphene 
sheets, which is an obvious advantage to the randomly grown CNTs. The underlying 
GO layer was finally thermal reduced to graphene at this high temperature and the 
electrical conductivity of these carbon hybrids was restored to around 18 S/cm. Such 
a flexible and conductive film can be directly transferred to any substrate and is readily 
integrated into a field-emitting device.  
 
 
 
Figure 1.31 (a) Schematic illustration of the synthesis process for graphene/CNTs 
composite films. (b) SEM image of growth of CNTs at the catalyst domains by PE-
CVD. (c) SEM image of pattern CNT on graphene film (Lee et al. 2010a). 
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1.5.2.1.2 Solution mixing of CNTs and graphene 
 
 
 
Figure 1.32 TEM images of GO/ multi-walled CNTs solution with different proportion 
of GO to multi-walled CNTs: 1/2(a) and 2/1(b) (Zhang et al. 2010a). 
 
Although GO is intrinsically hydrophilic due to the presence of carboxylic or alcohol 
groups, CNTs can conjugate with graphene through π-π interactions (Zhang et al. 
2010a). GO can therefore act as a surfactant to suspend CNTs in aqueous solutions. A 
proportional relationship between the GO concentration in solution and the CNT 
solubility was demonstrated (Zhang et al. 2010a), with lower GO concentration 
leading to worse CNT  dispersion (Figure 1.32 a and b). 3D graphene and CNT 
conductive networks were successfully synthesized by using this simple solution 
mixing method (Yang et al. 2011a). The results reveal that graphene sheet (GS)/CNT 
weight ratio of 9/1 can prevent restacking of rGO and form a porous network, while 
further addition of CNTs only leads to severe CNT clustering and aggregation. This is 
likely due to the fact that a large amount of CNTs (7/3, 5/5 and 3/7) tends to form CNT 
bundles without sufficient space to disperse. The impact of the CNT aggregation on 
the electrical properties can in turn be seen in the measurement of specific current 
(Figure 1.32 c). The GS/CNT ratio of 9/1 and 8/2 possesses a higher specific current 
than other composite with the ratio of 7/3, 5/5 and 3/7 that is even higher than reduced 
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GO. This could be benefited from the synergistic effects between graphene and CNT 
(Biswas & Lee 2011). 
 
1.5.2.1.3 Layer-by-layer self-assembly of graphene and CNTs 
 
LBL has also been used to prepare graphene/CNT composites. GO particles are 
negatively charged in water due to the presence of carbonyl and hydroxyl groups on 
its surface. Therefore, negatively charged GO can absorb positively charged 
functionalized CNTs, such as amine-functionalized CNT (Figure 1.33 A), by LBL self-
assembly (Hong et al. 2010a). Alternatively, 3D graphene/CNT films were also 
prepared by grafting positively charged poly(ethylene imine) (PEI) onto graphene and 
negatively charged CNTs (Figure 1.33 B) (Yu & Dai 2009).  
 
 
 
Figure 1.33 (A) Schematic illustration of hybrid layer-by-layer films of GO/ amine 
doped CNT (Hong et al. 2010a) and (B) PEI-graphene/acid-treated CNT (Yu & Dai 
2009). 
 
1D (CNTs) and 2D (graphene) nano-materials have been integrated to form 3D 
graphene architectures. The solution mixing methods are simple routes to fabricate 
cheap and mechanically strong structures by simply altering the ratio between 
graphene sheets and CNTs, while the in situ growth of CNTs on graphene allows for 
the preparation of well-organized and structured architectures with preferential 
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electrical and mechanical anisotropy. 
 
1.5.2.2 Graphene and metals/metal oxide nano-particles 
 
Due to their sp2 crystalline structure, graphene sheets can strongly coordinate with 
metals (Hong et al. 2010b), opening new routes to their decoration with pure metal or 
metal oxide NPs (Muszynski, Seger & Kamat 2008; Tang et al. 2010; Wang et al. 2010; 
Zhang et al. 2011a; Zhang et al. 2009a). Metal NPs, on the other hand, can prevent the 
aggregation of graphene sheets and enhance the structural stability. The combination 
of graphene and metals offers perspectives to mechanically reinforce graphene BPs 
and improve the electro-chemical properties of the graphene architectures (Lin et al. 
2013; Xu, Yu & Li 2012; Zhang et al. 2011a; Zhou et al. 2009). In fact, some of the 
natural unique properties offered from these metal NPs, such as their catalytic activity, 
can be enhanced, due to the high electron mobility of the metal NPs once they were 
grown or deposited on graphene (Xu, Yu & Li 2012). 
 
1.5.2.2.1 In situ synthesis of metal/metal oxide nano-particles on graphene 
 
Gold NPs were for instance grown within clusters of graphene sheets dispersed in 
octadecylamine by chemical reduction of AuCl4- with NaBH4 (Muszynski, Seger & 
Kamat 2008). The electronic properties of the graphene sheets were shown to stabilize 
the gold NPs and prevent coalescence, leading to a narrow size distribution (10 – 20 
nm) and well dispersed suspension of gold NPs (Figure 1.34 A, B and C). Silver NPs 
were also grown at 75 oC under N2 protection onto GO deposited onto silica wafers 
without the need of reducing agents (Zhou et al. 2009). The synergetic reaction was 
shown to be spontaneous and led to the simultaneous reduction of silver ions and GO 
into silver NPs and graphene, respectively. While being reduced, GO provided both 
the electrons to induce reduction of the silver ions and a support for the growth of Ag 
NPs (Zhou et al. 2009). This synthesis route was clearly demonstrated as silver NPs 
only grew homogeneously (6.0 ± 3.6 nm) on the rGO and no nanoparticles were found 
on the bare silica wafer surface (Figure 1.34 D and E), illustrating that graphene 
reduction can be used to target other chemical reactions and synthesis in one-pot 
reactions (Dey et al. 2012). 
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Figure 1.34 SEM images of 3D graphene based architectures: (A) before and (B) after 
modification with gold nanoparticles, (C) high-resolution TEM image of the sample 
in B (Muszynski, Seger & Kamat 2008)); AFM topographic image and height profile 
of single-layer GO (D) and Ag nanoparticles grown on single-layer graphene surface 
(E) (Zhou et al. 2009). 
 
1.5.2.2.2 Electrostatic self-assembly of graphene and metal/metal oxide nano-
particles 
 
Electrostatic self-assembly, which relies on the interactions between oppositely 
charged surfaces, appears to be a promising technique to control the structure and 
properties of self-assembled materials (Chen et al. 2011a; Cong et al. 2012; Fang et al. 
2010; Li et al. 2011b; Wang et al. 2009; Wang et al. 2010; Wu et al. 2013a). With the 
help of electrostatic force, graphene can be assembled on to a variety of substrates 
under a facile condition, which provides more combination to the area related to 
graphene based materials.  
 
3D graphene and metal/metal oxide structures have been fabricated by electrostatic 
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self-assembly in solution (Chen et al. 2011a; Fang et al. 2010; Hong et al. 2010b; Wang 
et al. 2009) and electrostatic layer-by-layer (LBL) self-assembly (Li et al. 2011b; 
Wang et al. 2010; Zhang et al. 2009a). Gold NPs were deposited by coupling with 
cationic polyelectrolyte poly(diallyldimethyl ammonium chloride) (PDDA) onto 
graphene (Fang et al. 2010). The hybrid surface was modified by adsorbing citrate ions, 
leading to the assembly of a positively charged graphene with negatively charged gold 
nanoparticles which were shown to be very homogeneous in size and well dispersed 
onto the surface of graphene sheets (Figure 1.35 A). In order to demonstrate the 
electro-chemical changes induced by the surface charge shift, glassy carbon electrodes 
were impregnated with either the graphene/gold hybrid or the gold NPs and used as a 
sensor to detect hydrogen peroxide in aqueous solution. The results showed that the 
graphene/gold hybrid electrode possesses a higher sensitivity than the one modified by 
Au nanoparticles only (Figure 1.35 B) due to synergistic effects of graphene and 
nanoparticles and the conductive surface between nanoparticles constructed by 
graphene (Wu et al. 2012). 
 
 
Figure 1.35 (A) TEM image of graphene/Au composites and the inset image of 
enlarged area to show the morphology of Au nanoparticles on graphene; (B) 
current/voltage curves of graphene/Au (red) and Au (black) modified electrode with 
the absence (solid) and presence (dots) of hydrogen peroxide in aqueous solution (Fang 
et al. 2010). 
 
Electrostatic LBL self-assembly is another way to fabricate 3D graphene/metal oxide 
composites with highly controllable thicknesses. Multilayer graphene and manganese 
dioxide (MnO2) composites were successfully prepared. Poly(sodium 4-
styrenesulfonate) (PSS) was first grafted onto graphene (PSS-GN) in order to help 
stabilise the dispersion and suspension of naturally highly hydrophobic graphene 
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particles in water (Li et al. 2011b). In addition, in order to improve the electric 
condition between the LBL deposited films, PDDA was used as a positively charged 
linker between the PSS-GN and MnO2 individual layers. The specific capacitance of 
a ten PSS-GN/PDDA/MnO2 layered-structure was shown that 90% of specific 
capacity was maintained after 1000 cycles of charge/discharge, making the graphene 
hybrid structures promising materials for super-capacitors. Although based on weak 
interactions and generally stable over a narrow range of pH, LBL is also very 
promising for decorating or pre-functionalizing graphene 3D structures. 
 
Metal NPs and graphene nano-sheets can be thoroughly combined together to produce 
discrete but yet uniform graphene metal composites. The major advantage of 
electrostatic self-assembly technique is that the structure and properties of graphene 
and metal/metal oxide composites can be altering the processing conditions while 
electrostatic self-assembly provides a simpler and more efficient technique to prepare 
low cost, but low mechanical stability composites. The versatility of this mechanism 
could lead to the formation of highly conductive and mechanically reinforced graphene 
based structures that is able to smartly incorporate both graphene and metal properties. 
 
1.5.3 Promising applications of graphene based 3D architectures 
 
All these 3D graphene structures are aimed at improving the performance of graphene 
based materials. Apart from flexible/stretchable conductors, there are many other 
promising applications based on 3D graphene structures, such as super-capacitors, 
sensors and water cleaning devices, because of large surface area of 3D graphene and 
its superior electrochemical properties, hydrophobicity, processibility and strong 
mechanical properties. In this part, main promising applications of 3D graphene based 
materials will be systematically summarized. 
 
1.5.3.1 Super-capacitors 
 
One of the potential applications of 3D graphene based materials is super-capacitors. 
Super-capacitors are electrical energy storage devices which can be used in portable 
electronics (mobile phones and laptops) and electric vehicles (Brownson, Kampouris 
& Banks 2011). Except for possessing light weight, excellent capacitance and 
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conductivity, 3D graphene has one of the most outstanding characteristics than 2D 
graphene: higher surface area. Larger surface area can store more energy at a given 
time (Brownson & Banks 2010).  
 
The challenges still remain to develop super-capacitors with high energy density and 
low cost, while maintaining their unique properties of high power and long life span. 
The following efforts have been made to enhance the performance of super-capacitors. 
A hybrid graphene and MnO2 based textile was revealed to yield high capacitance 
performance by controlling the electrodeposition of pseudo-capacitive MnO2 
nanparticles and the specific capacitance was as high as 315 F/g (Yu et al. 2011a). 
Zhang et al. (Zhang et al. 2010b) also reported a PANI-doped graphene composite with 
a specific capacitance of as high as 480 F/g by doping the bulky PANIs with graphene 
and graphene oxide. Further research on graphene and PANI composites was proved 
by Chen et al. (Chen et al. 2010) which exhibit a very high specific capacitance of 
1046 F/g by using an in situ polymerisation method. It is worth noting that the specific 
capacitance of graphene/PANI hybrid is 931 F/g higher than that of pure PANI and 
583 F/g higher than that of SWCNT/PANI (Chen et al. 2010). Recently, a novel 3D 
graphene structure – crumpled graphene had found its predominant performance in 
super-capacitors. The crumpled graphene was prepared by pre-stretching the elastic 
substrate, adhering graphene papers and releasing the substrate. The obtained 
crumpled graphene papers show combined performance of large specific capacitance 
(196 F/g), high stretchability (uniaxial strain ~300% and areal strain ~800%) and 
reliability (over 1000 stretch/relax cycles) (Zang et al. 2014).  
 
1.5.3.2 Strain sensors 
 
Another promising application of graphene based 3D architectures is strain sensors, 
which will bring higher sensitivity, stability and repetition than traditional silicon-
based strain sensors (Zhao, Zhang & Shi 2013). Research has demonstrated that 
monolayer graphene is an excellent candidate as gases sensors (Arsat et al. 2009; 
Huang et al. 2008; Yoon et al. 2011) and biosensors (Shao et al. 2010; Zhu et al. 2010), 
while graphene based 3D materials are superior as strain sensors. Because of special 
electronic band structure of the graphene, graphene has outstanding physical 
phenomena and properties such as anomalous quantum Hall effect, super-high 
mobility, Klein tunneling and ballistic transport (Zhao, Zhang & Shi 2013). Once an 
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external stress is applied on it, a resistance change can be observed. This is due to a 
stress, causing a changed elongation of the graphene, which shifts its electronic band 
structure, leading to attractive changes of the electrical properties, resulting in 
noticeable mechanical–electrical coupling. 
 
Li et al. (2012) reported a stretchable and highly sensitive strain sensor by integrating 
graphene woven fabrics (GWFs) on PDMS substrate. The electrical resistance of 
GWFs enhanced exponentially with gauge factors of ~103 under a tensile strain 
between 2~6% and ~106 under higher tensile strain, due to the deformation and 
fracture behaviour of the woven mesh (Li et al. 2012). This 3D graphene was further 
improved and designed for human motion monitoring. The advantages of improved 
GWFs strain sensor include ultra-light, wearability, high-sensitivity and high 
mechanical robustness with wide potential applications in fields of body monitoring 
the displays, fatigue detection, robotics, and so on (Wang et al. 2014b). In order to 
understand how the deformation of graphene structure affects the electrical resistance, 
many researchers have worked on the mechanism of graphene strain sensors. Kim et 
al. (2011) reported a model of voltage dropping by using a fixed current in a graphene 
film and applying different levels of strain. When a tensile strain or compression is 
applied to the graphene film, the overlapping area among graphene sheets becomes 
smaller or larger, so the conductive paths reduced or increased, which is reflected by 
the change of resistance (Kim et al. 2011). Even though various graphene based strain 
sensors have been developed, fabricating such materials with long life span, stable and 
reliable performance and low cost is still challenging. 
 
1.5.3.3 Oil-water separation devices 
 
The other promising application of 3D graphene based materials is oil-water separation 
devices due to the high theoretical surface area, hydrophobicity, and strong mechanical 
properties of graphene (Jiang & Fan 2014). In the past decade, various graphene based 
structures have been designed and fabricated for the sake of repelling water and 
absorbing oil (Bi et al. 2012; Li et al. 2014a; Nardecchia et al. 2013; Nguyen et al. 
2012a; Niu et al. 2012). Three dimensional (3D) porous graphene structures are the 
main candidature in this area since the porous structure provides a large spatial area 
for high oil absorption capacity due to its hydrophobic and oleophilic properties (Hu 
et al. 2014).  
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Figure 1.36 (a) Video snapshots of the regeneration process of graphene/CNT aerogel 
by mechanical extrusion (Hu et al. 2014). (b) Oil- and organic solvent-absorption 
capacities of the graphene-based sponges and absorption recyclability of the graphene-
based sponges for oils. (c) Photograph of pure (white color) and graphene-based (black 
color) sponges after being placed on water and (d) water droplets as quasi-spheres and 
motor oil trace on the surface of the graphene-based sponge (Nguyen et al. 2012a). 
For instance, the sole graphene aerogel and graphene/carbon nanotube (CNT) aerogel 
with elastic compressive behaviours have been fabricated for selective absorption of 
organic solvent and oil products with a high oil absorption of up to 320 g/g (Hu et al. 
2014; Li et al. 2014b; Sun, Xu & Gao 2013; Wu et al. 2013b). The absorbed oils can 
be easily removed by compressing the carbon mat and mechanically extruding the 
absorbed oil (Figure 1.36 a). Similarly, spongy graphene materials were constructed 
through the assembly of graphene oxide (GO) and moulding across a sealed reactor, 
which achieved a maximum oil absorption of 300 g/g (Bi et al. 2014; Thomas et al. 
2015b). In addition, the graphene/polymer sponge composites were explored as oil 
spill clean-up materials (Dong et al. 2012a; Li, Liu & Yang 2013; Li et al. 2014b; 
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Nguyen et al. 2012a). The graphene based sponge exhibits an excellent absorption 
capacity about 165 times of its own weight and polymeric matrix enhances the 
mechanical properties for improved recyclability (Figure 1.36 b) (Nguyen et al. 2012a). 
In this system, a commercially available sponge incorporated with hydrophobic 
graphene nanosheets is fabricated by a facile and inexpensive dip coating method. 
Graphene offers the hydrophobicity and oleophilicity while the polymeric matrix 
enhances the mechanical properties that improve the recyclability (Figure 1.36 c and 
d).  
 
Although these 3D structures offer high oil absorption capacities, challenges still 
remain to meet the practical requirements for oil absorbents especially in terms of 
recyclability and long term durability. The retention of absorbed oil across porous 
architectures is therefore one of the main issues compromising the absorption capacity 
during the absorption-removal cycles (Compton et al. 2010; Fan et al. 2013; Luo et al. 
2011; Luo et al. 2012; Wang et al. 2015; Wen et al. 2012; Zang et al. 2013b) and 
challenges still remain to meet the practical requirements for oil absorbents especially 
in terms of recyclability and long term durability. Therefore, new graphene based 
structures with improved recyclability are required to extend the application of 
graphene based materials in advanced oil absorption materials.  
 
1.6 Main research questions and objectives 
 
1.6.1 Main research question 
 
The main research question is: How can graphene based composites form a 3D 
structurally controllable network to maintain the electrical conductivity under high 
mechanical strain? 
 
1.6.2 Objectives 
 
This project aims to understand the fundamental properties of highly conductive 
graphene and elastic materials and fabricate well organised nanostructures that present 
high conductivity and flexibility. In this project, graphene based materials of 
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exceptional conductive properties will be combined with rubber materials of high 
elasticity to explore the synergistic effect of these materials. An electrically conductive 
material will be developed which can maintain the conductive performance when 
subjected to a strain.  The  project will: 
¾ Quantitatively understand the relationship between the sheet size of GO and 
the properties of GO and rGO;  
¾ Provide a novel and eco-friendly way to fabricate a stretchable conductive 
material; 
¾ Systematically investigate the relationship between GO thickness and the 
electrical conductivity of the composites; and 
¾ Expand the scope of graphene based materials to a new application ie oil 
absorption. 
 
1.7 The structure of the thesis 
 
This thesis aims at developing a stretchable graphene based conductive structures, 
understanding mechanical, morphological and electrical conductive properties of 
stretchable materials and controlling these properties by adjusting the 3D structures. 
 
This chapter has systematically and comprehensively surveyed the development of 
stretchable conductors, problems of existing stretchable conductors and the strategies 
to fabricate stretchable conductors. The advantages of graphene as conductive 
materials and the methodologies to synthesize graphene were also overall summarized. 
In addition, structures and importance of graphene based 3D architectures and their 
promising applications particularly for stretchable conductors were analytically 
examined and critically reviewed. 
 
Chapter 2 will introduce the synthesis methodology to fabricate size controlled GO, 
chemically reduced GO, and the grade tuneable reduction of GO by gamma ray (ɣ-ray) 
irradiation. In addition, the design of graphene based stretchable conductive pathway 
and schematic process of micro-wrinkled reduced graphene oxide (MWrGO) were 
particularly described. All kinds of characterization techniques were listed and 
explained. 
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Chapter 3 focuses on the synthesis of size controlled GO and grade tuneable reduction 
of GO by ɣ-ray irradiation. The amount of oxidants, reaction time and ultrasonic time 
were found to be the main parameters affecting whether GO can be successfully 
synthesized, and centrifuge speed was the critical parameter to control graphene sheets 
size distributions. The surface chemistry and structure of GO, and electrical 
conductivity and mechanical properties of GO and rGO were proved to depend on the 
GO sheets size. GO sheets of larger size exhibited higher tensile strength and electrical 
conductivity with fewer defects. Grade tuneable reduction of GO by controlling the 
irradiation time of ɣ-ray was also systematically discussed. Gamma irradiation 
reduction in gaseous phase provides a new solution-free route to the mass production 
of controllable quality grade graphene products. 
 
Chapter 4 investigates a novel stretchable conductive pathway using large size of rGO 
which exhibits higher electrical and mechanical properties. This novel method was 
introduced to fabricate a stretchable conductive pathway made by MWrGO via a 
thermo-mechanical shrinking process. Dynamic mechanical, morphological and 
electrical conductive properties of the MWrGO/PDMS composite were systematically 
investigated. MWrGO/PDMS composite films can be isotropically stretched and the 
electrical conductivity of the composites can be maintained and recovered even after 
1000 stretching-release cycles at 10% strain. 
 
Chapter 5 follows the study of MWrGO in Chapter 4 and further investigates the 
effects of GO film thickness on wrinkles size. It was found that the wavelength of 
MWrGO wrinkles can be controlled by the thickness of graphene oxide film. Smaller 
wrinkle wavelength can be obtained by shrinking thinner GO film and in turn larger 
wrinkle wavelength was got by shrinking thicker GO film. The relationship between 
the thickness and the electrical conductivity of MWrGO under strain was also 
statistically discussed. 
 
Chapter 6 introduces a promising application of MWrGO composite film as oil 
absorption material for oil spill clean-up due to the super-hydrophobic and super-
oleophilic surface of MWrGO. The oil selectivity, oil absorption capacity, oil 
absorption rate and reusability of MWrGO were analytically studied. Three different 
wavelengths of MWrGO were investigated for the oil absorption ability. It was found 
that the samples with the thinnest GO film (smallest wavelength of wrinkles) have the 
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highest oil absorption capacity. This material has the highest reusability and durability 
among the existing graphene based oil absorbers. 
 
Chapter 7 summarises the main findings achieved in this work and suggests potential 
future research directions in this exciting area.  
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Chapter 2. Materials, Methodology and 
Characterization 
 
2.1 Introduction 
 
In this chapter, all materials, fabrication methods and characterization techniques used 
in this work are described. First, information on all the chemicals and reagents are 
presented including the purity, and suppliers. Second, methods to synthesize graphene, 
to fabricate stretchable conductive pathway and to prepare graphene based PDMS 
composites are illustrated. Finally, the facilities used to characterize all properties 
including sheet size, functional groups, surface hydrophilicity/hydrophobicity, and 
morphology, mechanical and electrical properties are all summarized in this chapter. 
 
2.2 Materials 
 
Graphite powder (particle size <45μm), hydrazine hydrate (80%), hexane (95%) and 
dichloromethane (>99%) were purchased from Sigma Aldrich (United States). 
Sulfuric acid (H2SO4) (98%), hydrochloric acid (HCl) (37%), sodium nitrate (NaNO3), 
potassium permanganate (KMnO4), and hydrogen peroxide (H2O2) (30%) were 
ordered from Chem Supply (South Australia). A porous anodized alumina membrane 
with a nominal average pore size of 0.1 μm was purchased from Whatman (Germany). 
Shrinking films (SFs) (PolyShrink™) were sourced from Lucky Squirrel (United 
States). SFs are a polymeric films which can shrink to about 16 % of the original size 
at around 160 °C. They are used as the substrate to form wrinkled rGO structure. 
Polydimethylsiloxane (PDMS) (SYLGARD® 184) was ordered from Dow Corning 
Australia Pty Ltd (Australia). 
 
2.3 Preparation of GO suspension and GO bucky papers 
 
2.3.1 Synthesis of GO suspension 
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Graphene oxide (GO) suspension was synthesized from graphite powders according 
to a modified Hummers method (Hummers & Offeman 1958). In a typical process, 1 
g of graphite was added into 30 mL of cooled H2SO4 and 0.5 g of NaNO3 mixture at 
vigorous stirring for 1 hour in an ice bath. 5 g of KMnO4 were added gradually for 3 
times (1.5 g, 1.5 g and 2 g) to the mixture and the temperature was maintained below 
10 qC for 2 hours. The mixture was then heated to 38 qC and stirred until it became 
pasty brownish. At this point, 50 mL of deionized water was slowly added to the 
solution, which was simultaneously heated up to 95 qC in a water bath and stirred with 
a magnetic stirrer for 15 min. An additional 50 mL of deionized water was added to 
stop the reaction followed by 5 mL of 30% hydrogen peroxide solution until the colour 
of mixture became bright yellow. The sample was then filtered on a porous membrane 
(pore size of 0.1 μm) with a vacuum filtration system and washed with 40 mL of 10 
v% HCl solution and rinsed with an excess amount of deionized water. The solid was 
subsequently redispersed in deionized water and ultra-sonicated for 30 mins at 200 W 
with a water bath ultrasonic machine (FS300b, Decon). The aqueous GO suspension 
with different sheet size could be obtained by collecting the centrifuging supernatant 
at a series of speed of 8000, 6000, 4000 and 2000 rpm (Eppendorf Centrifuges 5430R). 
Sample GO8000 was the supernatant of GO after centrifugation at 8000 rpm and the 
sediment was redispersed in DI water for next round of centrifugation. The rest was 
labelled in the same manner. Samples GO6000, GO4000 and GO2000 were the 
supernatant of GO at centrifuging speeds of 6000, 4000 and 2000 rpm, respectively. 
 
2.3.2 Preparation of GO bucky papers 
 
A volume of 20 mL aqueous GO suspension at 0.5 mg/mL was sonicated in a bath 
sonicator (FS300b, Decon) for 15 min at 60 W in order to improve the suspension and 
redisperse the GO platelets prior to going through vacuum filtration system. The GO 
suspension was then filtered on a porous anodized alumina membrane with a nominal 
average pore size of 0.1 μm under vacuum and thoroughly GO film was formed by 
filtration, vacuum drying, and separation from filter membrane. 
 
 55 
 
2.4 Preparation of micro-wrinkled reduced graphene oxide (MWrGO) 
and its composite 
 
2.4.1 Fabrication of MWrGO 
 
The shrinking film (SF) was cut into a square of 10¯10 cm, and then treated with an 
air plasma at a gas pressure of 0.8 mbar and a power of 30 W for 5 min to change the 
surface of SF from hydrophobicity to hydrophilicity so that the coating capability of 
GO suspension on SF will be improved.  
 
The GO suspension (5 mL, 2 mg/mL) was coated onto the surface of plasma treated 
shrinking film using spinning coater and then dried in an oven at 50 °C for 24 h to 
form a GO thin film. Afterwards, this dried GO film was placed in an oven that was 
preheated to 175 ºC for 2 min to fully shrink the SF. The shrunk GO with SF was then 
put into a stainless steel autoclave for chemical reduction. Reduced shrunk graphene 
was coated with 0.4 g of PDMS (diluted in 2 mL of hexane) in order to incorporate the 
micro-wavy graphene into PDMS matrix. The coated PDMS was cured at 60 ºC for 2 
h. The SF substrate was etched in dichloromethane, and finally the free-standing 
composite film was washed with acetone and dried at room temperature. This 
composite film was cut into desired size for further characterization, and mechanical 
and conductive tests. 
 
2.4.2 Formation of tuneable MWrGO on PDMS 
 
GO films with the film thickness properly controlled were prepared by vacuum 
filtering the aqueous solution of GO (2mg/mL) through varying the filtration GO 
volume (0.5, 0.75, 1, 1.25, 1.5, and 2 mL). During filtration, a uniform and continuous 
thin GO film was gradually obtained on the filtration membrane (pore size: 100 μm) 
by overlapping individual GO sheets through permeation. Then a SF (5¯5 cm) was 
placed onto the GO films while GO was still wet and a small weight (2kg) was applied 
onto the SF for 12 hours. After detaching the filtration membrane from the SF, GO 
film can be transferred onto SF substrate with controllable thickness. The shrinking 
process was the same as that described previously in 2.4.1. 
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2.5 Synthesis of rGO by reduction 
 
All GO BPs and MWGO with different thickness were chemically reduced by 
hydrazine hydrate vapour. Specifically, 10 mg of GO BPs or MWGO were put into a 
stainless steel autoclave that was prefilled with 20 μL of hydrazine hydrate and heated 
to and remained at 90 qC for 10h in order to reduce GO to rGO.  
For the study on the grade tuneable reduction of GO, gamma ray (ɣ-ray) irradiation 
was used of free-standing GO BPs in gaseous phase. The freestanding GO BPs were 
placed into 40 mL tan glass vials (screw caps with PTFE/silicone septum) (Sigma 
Aldrich, United States), replenished with hydrogen and sealed for ɣ-ray irradiation 
right before the irradiation. The vials were then exposed to a 60Co ɣ-ray source 
(Gamma Technology Research Irradiator (GATRI), Lucas Heights, NSW Australia) 
at a dosage of 3.49 kGy h-1 at room temperature across a series of total doses of 100 
kGy, 200 kGy or 300 kGy. Non-irradiated reference samples were also prepared and 
stored in hydrogen during treatment to evaluate the impact of the gas on the GO 
chemistry, morphology, and other properties.  
 
2.6 Oil absorption experiment 
 
MWrGO/PDMS composite films with different GO thickness were tested against three 
types of oils, namely pump oil, canola oil and engine oil, to determine the oil sorption 
capability. Specifically, about 5 mL of oil was allowed to float on the surface of water 
in a 9 cm petri dish. All composite films were floated on the water surface with the 
MWrGO side facing down to the oil phase. After contacting for 3 min, the samples 
were taken out from the oil and held for 10 s to remove the non-absorbed surface oil. 
The oil absorption capacity was determined by the weight gaining as defined by the 
equation: 
 
ܣܾݏ݋ݎ݌ݐ݅݋݊ܥܽ݌ܽܿ݅ݐݕ ൌ ܹ݄݁݅݃ݐ݂ܽݐ݁ݎܾܽݏ݋ݎ݌ݐ݅݋݊െܹ݄݁݅݃ݐܾ݂݁݋ݎ݁ܾܽݏ݋ݎ݌ݐ݅݋ܹ݄݊݁݅݃ݐ݋݂ܯܹݎܩܱܾ݂݁݋ݎ݁ܾܽݏ݋ݎ݌ݐ݅݋݊  
 
The water absorption was also measured using the same method as above in the 
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deionised water to determine the water absorption capacity. 
 
As the highest oil absorption capacity was achieved for MWrGO-1 composite film, 
the recyclability of this sample was then determined. The composite film with 
absorbed oil was wrapped by a piece of steel mesh, which was placed in a 50 mL 
centrifuge tube with tissue paper at the bottom. The centrifugation was conducted at 
9000 rpm for 5 min. After centrifugation, the dry film was used in the next absorption-
centrifugation cycle. 
 
2.7 Characterization techniques 
 
2.7.1 Morphological characterization  
 
2.7.1.1 Scanning electron microscopy 
 
Scanning electron microscopy (SEM) images were acquired on a Supra 55VP (Zeiss, 
Germany) with an accelerating voltage of 5 kV. The cross-section samples were coated 
with carbon using a BAL-TEC SCD 050 sputter coater (Leica Microsystems, 
Australia). The SEM energy dispersive spectra (SEM-EDS) were obtained from an X-
Max 20 mm2 SDD Energy Dispersive X-ray detector (Oxford, United Kingdom) in 
SEM. The data acquisition time was 15 min for mapping elements. The SEM images 
of MWGN/PDMS composite under different strain were obtained in a Quanta 3D FEG 
FIB-SEM (FEI, United States) with a customised tensile sub-stage (Kleindiek 
Nanotechnik, Germany) with a 2 N load cell and maximum travel distance of 10 mm.  
 
2.7.1.2 Transmission electron microscopy 
 
High resolution transmission electron microscopy (TEM) images were captured with 
a JEOL JEM-2100 (Japan) with an accelerating voltage of 200 kV under high vacuum. 
A small amount of BPs from each sample was dissolved in deionized water prior to be 
filtered onto a carbon lacey TEM grid. 
 
2.7.1.3 Film thickness and roughness measurement 
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The thickness of GO film and surface roughness of MWGN were measured by 
ContourGT 3D Optical Microscopes (Bruker, United States). For the thickness, 6 
points were measured along a single profile tracing an area of 937.5 u 1250 μm2 and 
over the 3 tracings per sample. For the surface roughness, a single profile traced an 
area of 1 mm2. 
 
2.7.2 Chemical characterisation of GO and rGO 
 
2.7.2.1 X-ray powder diffraction 
 
X-ray powder diffraction (XRD) patterns were recorded in the range of 2θ = 5–65° (by 
steps of 0.05°) using a Phillips PW-1729 diffractometer (35 kV, 28 mA) (Amsterdam, 
the Netherlands) with CuKα radiation (λ=0.154 nm). The GO suspension was dropped 
onto a glass slide and dried in an oven at 60 °C overnight, which was used to measure 
the diffraction peak to determine the successful exfoliation of GO. For rGO samples, 
XRD patterns were obtained using rGO BP that was also sticked to a glass slide to get 
a flat surface.  
 
2.7.2.2 Fourier transform infrared spectroscopy 
 
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of GO and 
rGO BP samples were measured on a Bruker Vetex-70 FTIR spectrometer and 
recorded in the range of 600–4,000 cm-1 at a resolution of 4 cm-1. The method of KBr 
pellets was also utilised to obtain the FTIR spectra of GO and rGO. Before FTIR 
measurement, all samples were conditioned at 60 °C overnight to minimise the effects 
of the physically absorbed water on the spectra. 
 
2.7.2.3 Raman spectroscopy 
 
Raman spectra were recorded by an inVia Raman microscope (Renishaw, United 
Kingdom) using a 514 nm laser source and exposure time of 10s under a microscope 
(50× objective). The BP samples were placed onto an aluminium foil covered glass 
slide. The aluminium foil was to eliminate the background signal from the glass slide. 
A confocal microscope was used to focus the sample plane. 
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2.7.2.4 X-ray photoemission spectroscopy 
 
X-ray photoemission spectroscopy (XPS) spectra were acquired at pass energy of 160 
eV and 1 eV/step and a pressure in the analysis chamber of 5×10-9 torr by the 
instrument of Kratos AXIS Nova (Kratos Analytical Ltd, UK). The samples were 
irradiated with Al Kα radiation (hν = 1486.6 eV) from a monochromated source 
operating at 150 W. 
 
2.7.3 Measurement of electrical conductivity and tensile strength 
 
The voltage-current curves were measured with a two-point method by a Model 2420 
high-current source meter (Keithley, United States). The resistance of samples was 
obtained from the slope of the voltage-current curve. Thus, the electrical conductivity 
of samples was calculated by taking the reciprocal of their resistance. 
 
The mechanical property was examined by a TCD 200 tensile machine (Chatillon, 
United States) with a load cell of 10 N. The composite samples were cut into small 
strips with a width of 5 mm and length of 20 mm.  
 
For the measurement of electrical conductivity of the samples during stretching, the 
clamps on the tensile machine (TCD 200) were connected with the source meter 
(Model 2420) and a close circuit was formed once samples were mounted between the 
clamps. The electrical conductivity was measured at different deformation intervals, 
such as every 10 % strain from 0 strain to break.  
 
2.7.4 Measurement of wettability 
 
Water or oil contact angle was measured on a KSV CAM 101 (Biolin Scientific, 
Sweden). Young-Laplace equation was employed to calculate the contact angle from 
the images of droplet on the films tested. The time-resolved contact angle changes 
were conducted by measuring the contact angle of water or oil droplet at different time 
intervals. Triplicate measurements were also included to minimize the experimental 
error.  
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Chapter 3. Controlling the Size of Graphene 
Oxide and Tuning the Grade of Reduced 
Graphene Oxide for Enhanced Electrical 
Conductivity 
 
3.1 Introduction 
 
To date graphene can be produced by epitaxial growth, chemical vapour deposition 
(CVD), mechanical cleavage of graphite, and reduction of graphene oxide (GO) 
(Grayfer et al. 2011; Kuilla et al. 2010; Sengupta et al. 2011; Zhu et al. 2010). Although 
high grade graphene may be obtained through epitaxial growth or CVD, the yields of 
these synthesis routes are low and expensive to run due to high capital and operational 
costs. On the other hand, the reduction of GO fabricated from graphite by the Hummers’ 
method (Hummers & Offeman 1958) is cheap and highly up-scalable. Graphene 
produced by this method, however, typically exhibits a lower grade than epitaxial 
growth, CVD or mechanically cleaved graphene materials, due to the high content of 
sp3 carbon regions within reduced GO (rGO) sheets, which will affect the electrical 
conductivity of rGO. Therefore, although the electrical conductivity of rGO is inferior 
to that of CVD or mechanically cleaved graphene, reduction of GO is regarded as the 
most promising route to prepare low cost graphene with high yields. 
 
The scalable preparation of graphene that will control its sheet size would potentially 
affect the properties of rGO. In order to obtain high grade of rGO, the effects of sheet 
size on the chemistry, structure, electrical conductivity and mechanical properties of 
GO and rGO will be statistically examined in this chapter. The high grade of rGO with 
a certain graphene sheets size will be selected as raw GO source for further 
examination in the following chapters. In addition, grade tuneable reduction of GO 
through gamma ray irradiated reduction is systematically discussed. This method 
provides a novel strategy to gain rGO with different oxidation degree and contribute 
to effective reduction of GO.  
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3.2 Synthesis of GO and control of sheet size 
 
GO has been successfully synthesized through modified Hummers method, which was 
confirmed by microscopic and spectroscopic characterisation. The effects of GO sheet 
size on electrical conductivity and mechanical properties were also investigated, in 
order to provide the optimised GO for the fabrication of stretchable conductors in the 
following chapters. 
3.2.1 Fundamental study of GO synthesis process 
 
 
 
 
Figure 3.1 Schematic of GO synthesizing process. 
 
The synthesis process of GO was performed according to a modified Hummers method 
(Hummers & Offeman 1958). Graphite powders were firstly oxidized by strong 
oxidants which led to the increase in interlayer distance due to the formation of 
functional groups on the surface of graphite sheets. After ultra-sonication, the 
individual GO sheets were exfoliated from graphite oxide and were formed in stable 
water suspension (Figure 3.1).  
 
FTIR was employed to investigate the types of oxidating groups on GO sheets. Figure 
3.2 shows FTIR spectra of graphite and GO. No significant peak is found in graphite 
except for O-H stretching vibration at 3400 cm-1 and -CH and -CH2 symmetric 
stretching from 2800 to 3000 cm-1. The presence of different types of oxygen 
functional groups in the sample of GO centrifuging supernatant (Figure 3.2B) are 
confirmed at 1720 cm-1 (stretching vibrations from C=O), 1400 cm-1 (symmetric –
COO- stretching), 1175 cm-1 (stretching vibrations from C-O-C) and 1600 cm-1 
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(skeletal vibrations from C=C in aromatics). The sharp FTIR peak presented at 1400 
cm-1 in the curve for centrifuging sediment of GO (Figure 3.2C) is also attributed to 
the symmetric stretching from carboxyl group. All these FTIR results indicate that 
functional groups (epoxy group, hydroxyl group and carboxyl group) have been 
introduced onto the surface of graphene sheet after oxidation, ultra-sonication and 
centrifuge treatments.  
 
 
 
Figure 3.2 FTIR spectra of graphite (A) GO centrifuging supernatant (B) and GO 
centrifuging sediment (C). (Centrifuge speed is 2000 rpm) 
 
X-Ray Diffraction (XRD) analysis is an efficient tool to characterize the interlayer 
distance of GO according to the Bragg’s Law (n λ = 2 d sin θ, here λ is the wavelength 
of the X-Rays, d is the distance between atomic layers in the crystal lattice, θ is the 
angle of diffraction, and n is an integer). Figure 3.3 illustrates X-ray diffraction spectra 
of graphite and GO. The (002) plane shows the highest intensity in XRD spectra of 
both graphite and GO. The sharp peak at 2θ=26.56o in the XRD pattern of graphite 
corresponds to an interlayer distance of 3.35 Å. The shift of (002) lines in the XRD 
pattern of GO at 2θ=10.66 o, corresponding to interlayer distance of 8.28 Å, indicates 
that the oxidation functional groups such as epoxy group have inserted into layers of 
graphite. One difference between GO centrifuging supernatant and GO centrifuging 
sediment is that a small peak at 2θ=26.38o appeared in the curve of GO centrifuging 
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sediment, which means that an interlayer distance of 3.38 Å exists in GO centrifuging 
sediment. In other words, after oxidation, ultrasonic and centrifugation treatments, 
pure GO with a major interlayer distance of 8.28 Å exists in supernatant, and sediment 
might be the mixture of GO, graphite oxide and unreacted graphite. The higher 
intensity of peak (002) also indicates the higher content of GO in the supernatant than 
that in sediment. Another interesting phenomenon in XRD patterns is that the width of 
peak (002) increases with decreasing diffraction angles, which illustrates that the 
crystallite size reduced in GO samples (Li et al. 2007). 
 
 
 
Figure 3.3 X-ray diffraction patterns of graphite and graphene oxide. (Centrifuge speed 
is 2000 rpm) 
 
SEM was employed to investigate the morphology of GO sheets. The typical image of 
graghite with tight carbon layers is presented in Figure 3.4 A. The exfoliated GO sheets 
present different morphology which is like chiffon structure and the layers can be 
obviously seen (Figure 3.4 B and C) under SEM. The GO obtained in this study was 
partially exfoliated as the multilayered GO sheets were presented (Figure 3.4 B and 
C). In addition, the morphology of GO in the supernatant and sediment after 
centrifugation was also examined. Most thin GO sheets with single layer can be found 
in the supernatant (Figure 3.4 B), while multilayered GO sheets were presented in the 
sediment (Figure 3.4 C). The distance between layers in the centrifuging sediment is 
much larger than the interlayer distance in graphite but smaller than that in the 
supernatant.  
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A. Graphite 
 
   
 
B. Graphene Oxide (centrifuging supernatant) 
 
   
 
C. Graphene Oxide (centrifuging sediment) 
 
Figure 3.4 SEM images of graphite and graphene oxide 
 
The suspension stability of GO solution was also examined through sedimentation test. 
Figure 3.5 shows the photos of graphite and GO water suspension. After standing for 
2 h, obvious precipitation can be seen in graphite and GO in the centrifuging sediment. 
The GO in the supernatant can form a stable colloidal suspension of individual GO 
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sheets for up to 2 days and even longer, while most centrifuging sediments of GO are 
gradually deposited to the bottom of bottle. This phenomenon illustrates that GO 
solution of centrifuging sediment contains heavy multilayer GO sheets that are easy to 
precipitate. This has also been confirmed by SEM images. Furthermore, GO with 
different layers can be properly separated by controlling the centrifuging speed.  
 
 
Figure 3.5 Photos of graphite (A), GO centrifuging supernatant (B) and GO 
centrifuging sediment (C). (Centrifuging speed is 2000 rpm and the solid content for 
each solution is 2.5mg/mL) 
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3.2.2 The control of GO sheet size 
 
From the previous study, well dispersed GO solution can be obtained by collecting the 
supernatant of GO at a centrifuge speed of 2000 rpm. In order to understand the effect 
of GO size on properties of GO, we further separate the pure GO with different GO 
sheet size by controlling the centrifuging speed. Sample GO8000 was the supernatant 
of GO after centrifugation at 8000 rpm for 10 mins and the sediment was redispersed 
in DI water for next round of centrifugation. The rest was labelled in the same manner. 
Samples GO6000, GO4000 and GO2000 were the supernatant of GO at centrifuging 
speed of 6000, 4000 and 2000 rpm, respectively. 
 
3.2.2.1 Effects of GO sheet size on chemistry and structure of GO 
 
 
 
Figure 3.6 Size distribution of GO at different centrifuge speed. 
 
Size distribution of GO sheets was measured by Particle Size Analyser. Results show 
that GO sheets with different sizes can be separated by controlling the centrifuging 
speed. The size distribution of GO sheets under different centrifuging speeds are 91nm 
for 8k rpm, 164nm for 6k rpm, 369nm for 4k rpm and 459nm for 2k rpm, respectively 
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(Figure 3.6). There are two peaks in the curve of GO8000, indicating that a higher 
speed (larger than 8k rpm) is needed in order to separate these two peaks. We can draw 
a conclusion that a higher centrifuging speed results in smaller sheet size, which means 
that the size of GO sheets is inversely proportional to the centrifuging speed. 
 
 
 
Figure 3.7 High-resolution XPS C1s spectra and representative carbon assignments for 
sample GO2000 (A) and the corresponding C/O ratio of GO with four different GO 
sheets size (B). 
 
It is interesting to find that the surface chemistry of GO was affected by the GO sheets 
size. XPS is a surface analysis technique which can reveal the chemical structure 
information on the surface of GO sheets (Wang et al. 2013). Figure 3.7 A shows the 
high resolution XPS C1s spectra of GO of various sheet sizes. The four carbon 
assignments that presented in different functional groups of C–C (sp2 hybridized C 
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atoms), C–O (hydroxyl and epoxy), C=O (carbonyl) and O–C=O (carboxyl) are 
corresponding to the binding energy at around 284.6, 286.1, 287.2 and 289 eV, 
respectively (Hawaldar et al. 2012). GOs of four different sheet sizes have a similar 
C1s binding energy except for the intensity of carbon assignments. It is worth noting 
that the intensity of C–O peak is obviously increased with the increase of centrifuging 
speed. It means that GO (GO2000) with a larger sheet size tends to have relatively 
fewer hydroxyl and epoxy groups which mainly exist on the basal planes of GO sheets 
in a given GO surface area (Pei & Cheng 2012a). The C/O ratio can be obtained by 
calculating the peak area percentage of C1s and O1s. From the XPS analysis results 
(Figure 3.7 B), we can conclude that GO (GO8000) of a smaller sheet size has a higher 
oxygen atomic percentage (C/O=2.41) while GO of larger sheet sizes contains a higher 
carbon atomic percentage (C/O=2.79) in a given GO surface area. 
 
 
 
Figure 3.8 Raman spectra of D and G peaks (A) and the corresponding D/G intensity 
ratio of GO with four different GO sheets size (B). 
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Minor structural changes can be observed in Raman spectra of the GOs with four 
different sheet sizes (Figure 3.8 A). Two noticeable peaks at round 1350 and 1599 cm-
1 are assigned to the D and G bands, respectively. The D peak is an indicator of 
disordered defect regions,  and the G peak represents ordered sp2 carbon areas (Yang 
et al. 2009). Therefore, the ratio of intensity of D/G is often used to indicate the defects 
in the structure (Koenig 1970). Interestingly, with the increase of GO sheet size, the 
value of D/G intensity ratio declines from 0.99 to 0.86 (Figure 3.8 B), which means 
that the GO of larger sheet size has a lower defect proportion in a given GO surface 
area. 
 
 
 
Figure 3.9 XRD patterns (A) and the corresponding intensity of GO BPs with four 
different GO sheet sizes (B). 
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The XRD patterns are in good agreement with the previous results. The 2θ values of 
the 002 plane in four samples present an increasing trend with the increase of GO sheet 
size, which are at 10.44 o, 10.56 o, 10.82 o and 10.97 o and the corresponding interlayer 
distance is 8.56 Å, 8.37 Å, 8.17 Å, and 8.10 Å, respectively (Figure 3.9). The small 
increase in the interlayer distance of GO sheets is related to the oxidation degree of 
GO. As proven by XPS, GO of a smaller sheet size possesses a higher oxidation degree. 
Thus, the interlayer distance is proportional to the degree of oxidation. The GO BPs 
made from GO (GO8000) of smaller sheet size has a higher chance of absorbing more 
water molecules by hydrogen bonding during film vacuum filtration (Zhang et al. 
2009b) and enhancing the interlayer distance of GO sheets to adjust water volume as 
it has more oxygenated functional groups.  
 
3.2.2.2 Effects of GO sheet size on electrical conductivity and mechanical properties 
 
Apart from remarkable effects on chemistry and structure of GO, the GO sheet size 
also has significant effects on electrical conductivity and mechanical properties. There 
are obvious enhancement in tensile strength for both GO BPs and chemically reduced 
GO (rGO) BPs when GO sheet size increases (Figure 3.10A). For the GO sheets of the 
same size, rGO BPs possess a higher tensile strength (more than ~55 MPa) than GO 
BPs have. Combining the XPS and XRD results, GO (GO2000) of a larger sheet size 
with fewer oxygenated functional groups has a smaller interlayer distance, and 
inevitably a smaller and a denser cross-section for the same GO weight. Therefore a 
larger force is needed to break the sample (Zhang et al. 2009b) which means the sample 
has a higher strength. GO BPs with various oxygenated functional groups on the 
surface of GO sheets are nearly insulated due to the block of electrons mobility by 
these groups. As the chemical reduction of GO by hydrazine vapour will remove most 
of the functional groups on the surface of GO sheets, the electrical conductivity of 
graphene can almost be fully recovered. Compared with the ratio of C/O of GO (2.41-
2.79) (Figure 3.7), rGO has an increased C/O ratio of as high as 6.8 (Figure 3.11), 
which confirms that most oxygenated functional groups have been removed after the 
reduction. The increase in electrical conductivity of rGO BPs with increasing the GO 
sheet size (Figure 3.10B) is in a great agreement with the previous results. GO BPs of 
larger sheet size have lower oxygen atomic percentage and fewer defects which have 
been confirmed by the higher ratio of C/O (Figure 3.7) and the lower ratio of intensity 
of D/G (Figure 3.8). Therefore, higher electrical conductivity is found in the rGO 
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sample with larger GO sheet size for a given hydrazine hydrate weight content (Figure 
3.10B). 
 
 
 
Figure 3.10 Changes in tensile strength (A) and electrical conductivity (B) of rGO BPs 
as a function of GO sheets size. 
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Figure 3.11 Low resolution XPS spectra of rGO (A) and the C 1s XPS spectra and 
carbon assignments of chemically rGO (B). 
 
In conclusion, rGO BPs made from GO(GO2000) with larger sheet size exhibit higher 
tensile strength and electrical conductivity with fewer defects and denser interlayer 
distance which have been confirmed by higher ratio of C/O, lower intensity ratio of 
D/G and larger 2θ values. The sample GO2000 will be used as precursor GO in the 
following sections.  
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3.3 Grade tuneable reduction of GO BPs by gamma ray irradiation in 
gaseous phase 
 
Current GO chemical reduction routes are typically performed in aqueous solution due 
to the facile dispersion of GO sheets in water by surface solvation (Gómez-Navarro et 
al. 2007; Ji et al. 2013; Li et al. 2008). However, the limitation of solution based 
reduction processes resides in subsequent aggregation and partial restacking of 
reduced GO into macro-clusters due to strong hydrophobic interactions between sp2 
carbons across the graphene planes, making any further reprocessing or chemical 
modifications in solution challenging and largely inefficient (Kang et al. 2011). Novel 
routes to combine the advanced properties of 2D graphene into free-standing three 
dimensional frameworks are therefore desperately required. Herein, a novel method to 
reduce GO BPs without noticeable crystalline damage under a 60Co ɣ-ray source in 
hydrogen gas is demonstrated. GO BPs can be easily fabricated by vacuum filtration 
of suspended GO in solution, which is a highly versatile process to assemble GO in 
virtually any shape, including BPs, fibres or complex 3D frameworks (Jiang & Fan 
2014; Kholmanov et al. 2012; Niu et al. 2012; Xu et al. 2012).  
 
The detailed procedures of ɣ-ray induced reduction process of GO BPs are shown in 
Figure 3.12. Since some hydrophilic functional groups such as hydroxyl, carboxyl and 
epoxy groups have been introduced onto the surface of graphene sheets (Figure 3.2), 
the GO suspensions were found to be stable even 2 days after the sonication, while 
graphite dispersion was gradually deposited to the bottom of the bottle (Figure 3.5). A 
freestanding GO BP with large accessible surface area which was prepared by vacuum 
filtration of suspended GO solution could assemble GO in virtually any shape and was 
ready for mass production of graphene by the simple gamma irradiation reduction. 
When GO BPs were sealed into vials which were replenished with hydrogen and 
exposed to high doses of gamma radiation, chemical reaction is theoretically triggered 
under this environment (Dumée et al. 2014b). Hydrogen gas can be split to form H 
radicals by ɣ irradiation which possesses extremely high frequency and high energy 
(Blanksby & Ellison 2003).  The produced reductive H radicals were supposed to 
attack oxygen functional groups on the surface of GO BPs and the oxygen atoms could 
be partly removed in the form of water molecules or gases by breaking and rebuilding 
bonds by controlling the total dosage of ɣ energy. The obtained ɣrGO BPs were 
characterized with different techniques to confirm the reduction mechanism. 
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Figure 3.12 Schematic description of the proposed process for the fabrication of 
reduced GO by ɣ-ray 
 
As seen from the FTIR results (Figure 3.13a), the gamma irradiation of the GO BPs 
leads to the reduction of hydroxyl, carbonyl and epoxy groups present on the surface 
of the GO sheets. The strong peaks at around 3500, 1720, and 1150 cm−1 in the FTIR 
spectrum of GO without gamma irradiation (0 kGy) correspond to hydroxyl (OH), 
carbonyl (C=O), and epoxy (C–O–C) stretching vibrations, respectively (Lee et al. 
2010b; Paredes et al. 2008). The peaks at 1720 and 1150 cm−1 assigned to carbonyl 
and epoxy groups in the spectrum of ɣrGO 100 kGy are gradually weakened, which is 
in agreement with the conclusion from contact angle measurement (Figure 3.13b). The 
sample GO 200 kGy has produced rGO with almost the same contact angle as the rGO 
at 100 kGy (~60 degree) and even a little bit lower. This is also reflected in FTIR 
spectrum of 200 kGy where the characteristic peaks of carbonyl and epoxy groups 
remain unchanged and that of hydroxyl becomes predominant. Another obvious 
qualitative change happening when the irradiation dosage increased to 300 kGy is that 
almost all peaks corresponding to functional groups are greatly weakened and the 
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sample becomes less hydrophilic with the contact angle increasing to 80 degree. 
 
Figure 3.13 The FTIR spectra (a) and the contact angle (b) of GO and ɣ-ray reduced 
GO of different total dosages. 
 
Furthermore as seen in Figure 3.13b the gamma irradiation can significantly change 
the surface hydrophobicity. The GO without gamma irradiation is quite hydrophilic 
with a contact angle of ~30q because of the existence of hydrophilic functional groups 
on the surface of GO sheets. The gamma irradiation of the GO at 100 kGy will increase 
the contact angle to around 60q. This is because some of the hydrophilic functional 
groups have been removed from the surface of GO sheets. However, when the dosage 
of the gamma irradiation increases from 100 kGy and 200 kGy, the contact angle of 
the ɣrGO remains at around 60q without any obvious change, indicating the doubling 
of total dose from 100 kGy to 200 kG does not change the surface properties. Further 
increase in total dosage to 300 kGy on GO, however, will lead to an increase of the 
contact angle to over 80q. Therefore, there are two major steps happening during the 
increase of total irradiation dosage when the samples are exposed from 100 kGy to 
300 kGy of gamma ray where contact angle increases markedly. The increase of 
contact angle indicates the decrease of hydrophilicity on the BP surface which is due 
to the removal of most of hydrophilic functional groups on GO sheets. The change in 
hydrophobicity of the GO surface is therefore well correlated to the reduction of the 
surface functional groups which can be observed from the chemical structure 
information of the materials with FTIR (Figure 3.13a). Both FTIR and contact angle 
results illustrate that the reduction degree of the GO can be controlled by adjusting the 
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total radiation dose. 
 
 
 
Figure 3.14 The XRD patterns (a) of 002 peak and the Raman spectra (b) of D and G 
band of GO and gamma irradiation reduced GO with different total dose 
 
The crystal graphitic structure of GO and ɣrGO was investigated with XRD and Raman. 
XRD patterns (Figure 3.14a) reflect the characteristic crystal lattice structure of the 
graphitic samples. The 2 theta values of the peak 002 attributed to sp2 hybridization 
in graphite are also apparent in the GO and ɣrGO samples (Figure 3.14a) (Jeong et al. 
2008). The position of peak 002 has barely shifted after irradiation to various total 
doses (Table 3.1), suggesting that the crystal lattice structure of GO after irradiation 
reduction do not change significantly (Kong et al. 2012; Venugopal et al. 2012). This 
was also confirmed with Raman analysis. The Raman spectra which are used to 
characterize the vibrational modes of molecules can also indicate the change of carbon 
lattice. Figure 3.14b displays two remarkable peaks at round 1355 and 1599 cm-1 
which are assigned to the D and G bands, respectively. The D peak is an indicator of 
disorder in the carbon lattice, while the G peak signifies sp2 carbon domains (Yang et 
al. 2009). According to the empirical Tuinstra−Koenig relation (Koenig 1970), the 
ratio of intensity of D/G refers to the comparison of disordered defect regions and 
ordered graphitic areas. Interestingly, after gamma irradiation, the values of D/G ratio 
increase only from 0.78 to 0.86 (Table 3.1), suggesting that the size of the defective 
regions remains almost unchanged after the irradiation reduction process. These 
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defects probably come from residual oxygen groups, graphene sheet edges and 
vacancies within the sheet (Gómez-Navarro et al. 2007; Ji et al. 2013) and the removal 
of oxygen groups will not create more defects. In comparison, chemically reduced GO 
by hydrazine hydrate has a much higher D/G ratio of 1.32 (Figure 3.15). Therefore, 
gamma radiation in the presence of hydrogen results in the reduction of GO BPs 
without creating noticeable and increased morphological defects (Lubkowski et al. 
2012).  
 
Table 3.1 The summary of the values of 2 theta, Raman shift and intensity 
Samples 2 Theta  Raman shift of D band  
Raman shift of 
G band  I(D)/I(G) 
 degree cm-1 cm-1 - 
0 kGy– non 
irradiated 11.34 1357.20 1599.77 0.78 
100 kGy 11.20 1358.67 1599.38 0.89 
200 kGy 11.22 1361.16 1596.98 0.89 
300 kGy 11.05 1352.45 1599.38 0.86 
 
 
 
Figure 3.15 Raman spectra of graphene oxide (GO) and chemically reduced GO (rGO) 
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The crystallinity of the structure was also supported by the increased crystallinity of 
the ɣrGO across the dose matrix. As seen across the TEM images in Figure 3.16, 
crystalline walls which are marked in the region of white circle are shown to form at 
higher total dose. The crystalline wall is generated from the wall of graphene layers 
which exhibit ordered crystalline carbon regions (Jang, Oh & Li 2004). It is obvious 
that the overall degree of crystallinity of GO can be enhanced by increasing total 
irradiation dose. This is in good agreement with the XRD and Raman spectra analyses 
where the crystal lattice structure of GO after irradiation remained unchanged and no 
visible defects were formed across the range of 100 kGy to 300 kGy.  
 
 
 
Figure 3.16 TEM images of GO (a and b) and irradiation reduced GO with different 
total dose: 100 kGy (c and d), 200 kGy (e and f) and 300 kGy (g and h). 
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Further evidence of irradiation reduction of GO is obtained through XPS analysis. XPS 
is a surface analysis technique which can reveal the chemical structure information on 
the surface of GO and ɣrGO sheets (Wang et al. 2013). Two obvious peaks shown in 
low resolution XPS spectra of GO and irradiated GO samples (Figure 3.17a) are related 
to C 1s and O 1s (Dong et al. 2010). With the increase of irradiation dosage, the peak 
associated to O 1s gradually becomes weaker while C 1s peak becomes more 
noticeable. Through calculating the peak area percentage, the corresponding C/O ratio 
can be obtained (Figure 3.17b) (Lee et al. 2012). Compared with that of GO (2.37), 
the C/O ratio of ɣrGO at 300 kGy is 6.25, which means most of the oxygen contained 
groups are removed after the gamma irradiation. More detailed proof of the reduction 
of GO BPs by gamma irradiation in hydrogen gaseous phase is revealed by high 
resolution C1s spectra of GO with and without irradiation (Figure 3.17c-f). The curve 
fitting of the C1s spectra show four different binding energy of C–C (sp2 hybridized 
C atoms), C–O (hydroxyl and epoxy), C=O (carbonyl) and O–C=O (carboxyl) groups 
which are assigned at around 284.6, 286.1, 287.2 and 289 eV, respectively (Hawaldar 
et al. 2012). There is no noticeable decrease of C–O characteristic peaks for GO 100 
kGy when compared with that of GO without irradiation, which indicates that most C–
O (hydroxyl and epoxy) and C–C groups co-exist in the sample of GO 100 kGy. When 
the irradiation dosage increases to 200 kGy, the peak intensity of C–O decreases 
greatly accompanying with a mild increase of C=O. During the irradiation process, 
functional groups are mutually converted or transformed to a reasonable position by 
breaking and rebuilding chemical bonds stimulated by gamma irradiation and reactive 
gas (Chen et al. 2012). After the total irradiation dosage approaches 300 kGy, the peak 
intensities of oxygen groups decrease remarkably, although the peaks of carbon atoms 
bonded to oxygen remain in the C1s XPS spectra, illustrating that the functional groups 
are reduced in hydrogen by increasing the irradiation dose. The effect is verified to be 
the same with the low resolution XPS spectra where the coverage of functional groups 
in pristine GO BP decreases from 42% to 36%, 25% and 16% in GO with 100, 200 
and 300 kGy, respectively. 
 
The electrical conductivity of graphene is closely related to the structural defects 
existed across the sheets. The carrier mobility can be weakened by both the vacancies 
and functional groups which break the percolating pathways between long-range 
conjugated sp2 structures. According to Pei and Cheng (2012a), when the amount of 
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sp2 domain reaches 60%, an insulating GO becomes conducting. Therefore, in order 
to increase the conductivity and other properties of the graphene, the removal of 
functional groups and the recovery of sp2 structures are quite important.  
 
 
 
Figure 3.17 Low resolution XPS spectra of GO and ɣrGO with different exposure total 
dose (a); the C/O ratio of GO and ɣrGO (b); C 1s XPS spectra of GO (c) and irradiation 
reduced GO with different total dose: 100 kGy (d), 200 kGy (e) and 300 kGy (f) 
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The reduction of the GO BPs with gamma irradiation significantly improves the 
electrical conductivity (Table 3.2). The conductivity of ɣrGO (100, 200 and 300 kGy) 
is 22.95, 20.83 and 23 S cm-1, respectively, which is four hundred times higher than 
that of GO without irradiation (Table 3.2).  The results from XPS spectra show that 
the coverage of functional groups has been decreased to 36% in the sample GO 100 
kGy, and thus the sp2 domain surface was increased by up to 60%, significantly 
improving the electrical conductivity of the samples irradiated to gamma ray of 100 
kGy or greater. Pei and Cheng (2012a) reported that the conductivity of graphene 
based materials is mainly limited by the functional groups attached on the sheet and 
less affected by the functional groups at the edges of graphene sheet. Therefore, the 
significant increase in conductivity suggests that epoxy groups which are mainly on 
the plane have been mostly removed or converted to hydroxyl groups through epoxy 
ring opening reactions under gamma irradiation in hydrogen gas. This explanation is 
plausible since there is no obvious decrease in the peak intensity of C–O (hydroxyl 
and epoxy) in Figure 3.17 c and d for total dose of over 100 kGy, suggesting that 
functional groups on the edge of the GO are further removed with the higher irradiation 
dosage through condensation reactions. 
 
Table 3.2 BP resistivity and conductivity of GO and ɣrGO samples 
 
The reaction mechanism leading to the reduction of GO under hydrogen by gamma 
irradiation is proposed in Figure 3.18 (Chua & Pumera 2014; Pham et al. 2012). 
Hydrogen gas as a reducing agent plays an important role in the de-oxygenation 
process. As stated previously hydrogen can be broken to form H radicals with an 
energy over 435 kJ which corresponds to the wavelength of 274 nm (Figure 3.18 (1)) 
(Blanksby & Ellison 2003). The H radicals may react with surface epoxy groups which 
Samples Resistance Sheet Resistivity 
Volume 
Resistivity Conductivity 
 Ω Ω/sq Ω∙cm S/cm 
0 kGy – non 
irradiated 
3.90×105 1.78×106 17.79 0.05 
100 kGy 9.61×102 4.36×103 4.36×10-2 22.95 
200 kGy 10.59×102 4.80×103 4.80×10-2 20.83 
300 kGy 9.60×102 4.35×103 4.35×10-2 23.00 
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subsequently convert to hydroxyl groups by ring opening. Another H radical further 
reacts with hydroxyl groups to form water molecules and recover C=C conjugated 
structure (Figure 3.18 (2)). The carbonyl groups are also converted to hydroxyl groups 
in the presence of H radicals and then removed from carbon plane by producing water 
molecules (Figure 3.18 (3)). Two adjacent hydroxyl groups in the interior of aromatic 
area can also be removed by reacting with two hydrogen radicals and restoring the sp2 
structure of the carbon plane (Figure 3.18 (4)).  The impact between H radicals with 
oxygen groups is stochastic in these possible routes. 
 
 
 
Figure 3.18 Schematic illustration of the mechanism leading to the reduction of GO 
by gamma irradiation  
 
This mechanism is supported by the previous results presented from XPS and FTIR 
since functional groups are not linearly decreased and the transformation among 
different groups occurs during the gamma irradiation reduction. The reaction of the 
radicals, upon epoxy or carbonyl groups, may lead to either the elimination of the 
groups and the formation of water or carbon dioxide gas (Chen et al. 2012). Radicals 
may also split epoxy bridges and form hydroxyl and C-H bonds (Mustafaev et al. 1969) 
or attack aromatic rings, leading to their opening. Upon the elimination of hydroxyl or 
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carboxylic groups, vacancies that are generated across the crystalline domains may 
lead to recombination of active C radicals into conjugated C=C bonds, restoring the 
sp2 structure of the carbon plane. The irradiation of GO is therefore able to induce 
specific de-oxygenation of the surface through the elimination of the most reactive 
functional groups present on the surface of the GO and to lead to the re-formation of 
aromatic sp2 carbons in the reduction sites. This novel and efficient solution-free 
method with gamma irradiation will be a promising technology to fabricate reduced 
GO of low defects and to further improve the conductivity that could potentially match 
that of pristine graphene.  
 
In conclusion, this gamma irradiation technique offers a simple and efficient approach 
to producing graphene of varying functionalization degrees in large-scale and at low 
cost by reducing GO BPs of large accessible surface area without the use of 
complicated processes. In addition, the reduction degree of the GO, primarily related 
to the elimination of oxidized functional groups present on the original GO sheets, can 
be controlled by adjusting the total radiation dosage, leading to a highly versatile 
technique to produce specific grades of graphene materials, from highly functionalized 
to nearly pristine graphene. Furthermore, in addition to demonstrating the physical 
impact of the reduction process on the morphology and the macro-properties and 
discussing the role of the total dose in the degree of reduction of the BPs, a chemical 
mechanism pathway for the reduction is proposed based on the evidence of chemical 
changes across the materials. This highly novel and efficient route would offer 
promising perspectives for the mass production of graphene materials across a range 
of applications including sensing, molecular separation and nano-electronics. 
 
3.4 Summary 
 
In this chapter, the synthesis of GO and reduction method were systematically 
examined. Through manipulating the experimental conditions such as centrifuge speed 
and sonication time, the GO sheet size can be controlled. The results showed that 
higher centrifuge speed and longer sonication time lead to the smaller GO sheet size. 
The effects of sheet size on the chemistry, structure, electrical conductivity and 
mechanical properties of GO and rGO have also been statistically examined. The GO 
with larger sheet size was found to have higher tensile strength and electrical 
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conductivity. Grade tuneable reduction of GO by controlling the reduction parameters 
is systematically investigated. The chemical reduction can achieve high D/G ratio, 
indicating the efficient removal of functional groups on GO sheets. The gamma ray 
irradiation reduction method can be performed on GO BPs with reducing gas 
environment, and the reduction degree can be manipulated through controlling the total 
gamma ray irradiation dose. The work in this chapter has not only established the 
relationship between GO structure and the properties, but also formed the material base 
for the studies in the following chapters. 
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Chapter 4. Dynamic Investigation of 
Mechanical, Morphological and Electrical 
Conductive properties of Micro-Wrinkled 
Reduced Graphene Oxide and 
Polydimethylsiloxane Composite 
 
4.1 Introduction 
 
The performance of stretchable conductors relies on the stable conductivity and long 
life span under frequent deformation (Lee et al. 2015; Park & Jang 2015; Rana, Singh 
& Ahn 2014). Incorporation of conductive fillers in elastic matrices (Boland et al. 2014; 
Liu et al. 2011) is a common practice used in conventional processes. The conductive 
pathway in matrix can hereby only be formed when the volume content of conductive 
filler exceeds a threshold of the volume fraction according to the predictions of 
percolation theory (Sandler et al. 2003; Yasuoka, Shimamura & Todoroki 2010). 
However, the increase in volume content of conductive fillers can stiffen the composite 
and thus limit the stretchability and life span of stretchable conductors (Kim et al. 
2013). Therefore, there is an urgent need to develop both materials and conductive 
structures which can be stretched under strain for high performance stretchable 
electronics. 
 
Herein, we report a novel approach to fabricating large-area micro-wrinkled reduced 
graphene oxide (MWrGO)/polydimethylsiloxane (PDMS) composite via a thermo-
mechanical shrinking process. Diluted PDMS was permeated into gaps formed by 
MWrGO to strengthen the wrinkle structure and make the composite more robust. In 
situ stretching microscopy was employed to explore the structural evolution of 
MWrGO/PDMS composites, which indicates that an intact conductive pathway plays 
a key role in maintaining the stable electrical conductivity. Under cyclic testing, the 
stable conductivity and durability of MWrGO/PDMS composites can be maintained 
for elongations up to 30 % for 500 stretching-release cycles, which is superior to 
results from existing studies on graphene based stretchable conductors. Since the 
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shrinking of the film is isotropic, the MWrGO film acquires a multi-axial pre-loaded 
compressive strain that allows the composite films to be isotropically stretched in any 
direction across the plane. 
 
4.2 Preparation and morphology analysis of the MWrGO/PDMS 
 
 
 
Figure 4.1 Preparation and morphology analysis of the MWrGO /PDMS. (A): A 
schematic of the formation of MWrGO/PDMS film. (B, C): Photos of GO solution on 
shrink films before (B) and after (C) plasma treatment. (D, E): Photos GO coated 
shrink films before (D) and after (E) shrinking. (F, G): Photos of MWrGO/PDMS 
composite film before (F) and after (G) etching the SF substrate. (H, I): SEM images 
of MWrGO/PDMS films: top view (H) and cross-section (I), the scale bars are 100 μm. 
 
Figure 4.1 illustrates the fabrication route of the MWrGO/PDMS composite films, 
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which consists of three main steps: coating, shrinking and transferring. The synthesis 
of well-dispersed GO solution was obtained from the low-cost graphite powder and 
can be produced in a large amount (Feng et al. 2015). Firstly, a thin GO film was 
coated onto the surface of SF (Figure 4.1A (1) and (2)). As the SF surface is 
hydrophobic ((Youssef et al. 2013)), it was difficult to form a uniform GO film and 
the GO solution was not well dispersed from a drop formed on the surface of SF 
(Figure 4.1B). Air plasma treatment was employed to turn the hydrophobic surface 
into a hydrophilic surface that favours the coating of GO thin film (Figure 4.1C). 
 
 
 
Figure 4.2 (A) Low resolution XPS spectra of GO and reduced graphene oxide (rGO) 
(Left) and high resolution C 1s XPS spectra of rGO (right). (B) FTIR spectra of GO 
and rGO. 
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Secondly, the GO film was retracted with SF film to less than half of its original size 
to form a wrinkled structure. The length of the SF was shrunk to 40 % of its original 
length (Figure 4.1D and E) evenly along every direction of the plane. A chemical 
reduction process is followed by using hydrazine hydrate vapour to recover the 
electrical conductivity of rGO (Figure 4.1A (3)). The electrical conductivity of 
MWrGO is 25.6 S/cm compared with nearly insulated GO, because the removal of 
functional groups largely increases the electron mobility on the surface of rGO sheets 
(Pei & Cheng 2012a). Also, the results from XPS (Figure 4.2A) and FTIR (Figure 
4.2B) have confirmed that most oxidized functional groups on shrunk GO are removed 
after the reduction with an increase of C/O ratio from 2.4 to 8.6.  
 
The final step in the fabrication process was to transfer the MWrGO to an elastic matrix 
to form stretchable conductor (Figure 4.1A (4) and (5)). Because the original PDMS 
possesses a high viscosity and could not permeate into the gaps between the rough 
rGO wrinkles, PDMS was diluted in hexane to reduce viscosity and achieve an 
intimate contact between PDMS and MWrGO, which can be proved by the presence 
of silicone compounds from PDMS in the MWrGO layer from cross-section view of 
the FIB images (Figure 4.3). There is no obvious debonding between PDMS and rGO, 
which may be because the diluted PDMS can intimately contact with rGO wrinkles 
during composite fabrication. The stretchable and electrically conductive 
MWrGO/PDMS free-standing films were finally obtained by etching the SF substrate 
(Figure 4.1F and G). The crumpled structure of MWrGO can be clearly seen from the 
SEM images (Figure 4.1H and I). The typical wavelength distribution of wrinkles 
ranges from 10 to 40 μm. The crumpled structure of rGO cannot exist independently 
and will become flat without support from external force under the influence of gravity. 
PDMS not only helps preserve the structure of MWrGO but also works as an elastic 
substrate. Compared to the existing pre-stretching approaches that can make similar 
wrinkled structure if elastomers are released isotropically (Wang et al. 2016; Zang et 
al. 2014; Zang et al. 2013a), in-filled composite can be obtained by using diluted 
PDMS to sustain numerous stretching and releasing cycles even though more steps 
were included in the present process. 
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Figure 4.3 (A) Energy-dispersive X-ray spectroscopy (EDS) of cross-section of 
MWrGO/PDMS composite: silicon (green) and carbon (red); (B) SEM image of 
MWrGO/PDMS composite after cutting by focused ion beam  
 
4.3 Electrical and mechanical properties of the MWrGO/PDMS 
composite films 
 
Such a specially designed micro-wrinkled architecture imparts a stretchable 
conductive pathway on the surface of an elastic matrix. This composite can be 
potentially used as a stretchable conductor in a broad field ranging from foldable and 
stretchable ultralight electronics to wearable sensors. A consistent electrical 
conductivity of MWrGO/PDMS samples can be proved by the continuous illumination 
of the LED during the stretching process until conductivity was lost at the breaking 
point (Figure 4.4A). Also, the brightness of the LED was slightly weaker at a higher 
strain (80 %) compared to the initial brightness without strain. As the voltage applied 
to the sample was kept constant, this indicated an increase in the resistance of 
MWrGO/PDMS composite films, which decreased the current in this close circuit, 
leading to slightly weaker brightness. Furthermore, the addition of MWrGO slightly 
stiffened but did not essentially affect the elasticity of PDMS matrix. As shown in 
Figure 4.4B, to reach the same strain, more stress is required for the MWrGO/PDMS 
composite, showing the stiffness of PDMS matrix after MWrGO addition (Xue et al. 
2014). The reinforcement of PDMS by the incorporation of MWrGO may be attributed 
to a restricted movement of polymeric chains in PDMS (Peng et al. 2012). The similar 
elongation at break of PDMS (98 %) and MWrGO/PDMS composite (95 %) means 
that MWrGO does not significantly affect the elasticity of PDMS. The interface 
between PDMS and rGO has the impact on the mechanical strength but less effect on 
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the electrical conductivity. Because PDMS with no conductivity performs as 
stretchable substrate and rGO contributes to the electrical conductivity of the 
composite. 
 
 
 
Figure 4.4. Electrical and mechanical properties of the MWrGO/PDMS composite 
films. (A) The brightness of a LED lamp powered through an MWrGO/PDMS film as 
a function of applied strain from zero to around 95 %. (B) Stress–strain curve of pure 
PDMS and MWrGO/PDMS composite samples tested till failure. (C) Electrical 
conductivity changes of MWrGO/PDMS composite as a function of strain during the 
stretching and release cycle up to 80 % strain. 
 
Maintaining the electrical conductivity of the sample upon straining is an important 
parameter for any stretchable conductor applications (Kim & Rogers 2008). Apart 
from the investigation from the constant illumination of an LED, the change in 
electrical conductivity during one stretching and releasing cycle was statistically 
examined up to 80 % strain (Figure 4.4C). It was observed that there was a turning 
point at 30 % strain. When the sample was stretched, the electrical conductivity 
maintained stable between 25.6 and 26.2 S/cm up to 30 % strain before dropped to 
24.1 S/cm at 40 % strain, which is hundred times higher than the conductivity of rGO 
filled composites (Boland et al. 2014). Although a gradual and linear decrease in 
conductivity was observed when further strain was applied, 46 % of the conductivity 
(11.9 S/cm) was retained even when the MWrGO/PDMS composite was subjected to 
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a high strain of 80 %. During the release process, the electrical conductivity had no 
significant changes, which gradually decreased from 11.9 S/cm at 80 % strain to 9.7 
S/cm at 10 % strain, and returns to 11.9 S/cm at zero strain (Figure 4.4C).  
 
These results have suggested that a stable electrical conductivity can be maintained for 
strains up to 30 %, which makes the material suitable for the applications that require 
stable conductivity under low deformation such as stretchable screens. The changes of 
electrical conductivity during stretching-releasing cycle could be related to the micro-
structural changes in the MWrGO/PDMS composite. 
 
4.4 Structural changes of MWrGO/PDMS composites under strain  
 
In order to exploit the superior performance of MWrGO/PDMS composite film, it is 
important to understand what factors affect the change in electrical properties under 
straining. An in-situ tensile test was carried out within a SEM to observe 
morphological changes of the wrinkled rGO structure when a strain was applied. It can 
be seen from SEM images under different levels of strain that cracks are formed above 
30 % of strain (highlighted by yellow circles in Figure 4.5A) and propagated 
continuously at higher strains. The stable conductivity is attributed to the intact micro-
wrinkled structure of MWrGO on PDMS before 30 % strain (Figure 4.4C). The cracks 
created after 30 % strain form electron barriers that break the electrical current 
pathway and thus increase electrical resistance of the composite film, leading to a 
gradual decrease of the conductivity (Lee et al. 2014). Furthermore, when comparing 
the SEM images at strains of 50 % and 80 % it is found that the number and area of 
cracks increase at the higher strain, which decreases conductivity accordingly. Because 
the cracks are irreversible defects, the conductivity of the composite after release (11.9 
S/cm) cannot be fully recovered to its original value (25.6 S/cm). Even though the 
presence of cracks leads to the decrease in electrical conductivity, there is always an 
intact pathway that allows for the movement of electrons (Figure 4.5A blue dash line). 
Thus, the electrical conductivity can be maintained till the breaking point, which was 
confirmed by a consistently bright LED lamp when the sample was undertaking 
stretching and release cycle up to 80 % strain (Figure 4.4A). 
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Figure 4.5. Structural changes of MWrGO/PDMS composite under strain. (A) SEM 
images of MWrGO/PDMS composite upon applying strain of zero, 30 %, 40 %, 50 %, 
80 % and relaxation back to zero strain (Scale bar, 200 μm). The yellow circles point 
out the crack position and the blue lines indicate the possible electron pathway. (B) 
Deformation of wrinkles observed under SEM at high magnification (Scale bar, 
20 μm). (C) Changes of wrinkle angle measured from SEM images. 
The evidence of the wrinkles changing under straining can also prove why cracks 
occur after 30 % strain. The wrinkles are straightened by applied strain. Taking a 
wrinkle parallel to the strain as an example (Figure 4.5B), the angle formed by one 
wrinkle increases from 83° at zero strain to 92° at 30 % strain (Figure 4.5B), but does 
not change significantly when the strain is higher than 30 % (Figure 4.5C). Once the 
wrinkle stops extending, the stretchability of the crumpled structure is lost, which 
means that the cracks may start to appear and thus lead to the stress concentration in 
the vicinity of crack areas. Therefore, the turning point at 30 % strain is due to the 
stretchability of the wrinkled rGO structure, which may be attributed to the shrinking 
degree (60 %) as well as the thickness of GO films before shrinking.  
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4.5. Fatigue resistance and stable electrical conductivity at strain 
below 30 % 
 
The stretchable conductors are likely to be exposed to a high number of repeated 
stretching at relatively low deformation, such as folding-unfolding processes (Lee, 
Kim & Park 2008). Thus the fatigue resistance determines the service time of a 
stretchable device. A recent study has shown that a graphene-infused rubber band 
could serve as a human body motion sensor, which was able to be stretched and 
released for up to 1000 cycles. However, the high resistance (~6¯104 Ω with the 
highest graphene content) restricted its applications in strain sensor rather than 
stretchable conductors (Boland et al. 2014). In the area of graphene based stretchable 
conductors, which have the same or a higher level of conductivity, the fatigue resistant 
property has only been tested for less than 100 stretching-release cycles (Chen et al. 
2013a; Chen et al. 2014; Chen et al. 2011c; Zang et al. 2013a). This lifecycle test is 
important but has not been investigated in detail by others. In this study, the changes 
of electrical conductivity were examined during 500 stretching-release cycles at 10 %, 
20 % and 30 % strains, respectively (Figure 4.6A, B and C) via the normalized 
electrical conductivity (σ/σ0) of the MWrGO/PDMS composite. At 10 % strain, the 
electrical conductivity is constant during 500 stretching-release cycles (Figure 4.6A). 
When the strains of 20 % and 30 % are applied (Figure 4.6B), the electrical 
conductivity of MWrGO/PDMS is only slightly reduced to about 90 % and 85 % of 
its original respective value during the first 50 cycles and after that it becomes quite 
stable. The changes in conductivity are all less than 15 % in the overall electrical 
conductivity of MWrGO/PDMS for no more than 500 cycles and straining 
deformation of 10 %, 20 % and 30 %. The wrinkled structure of MWrGO can absorb 
the stress applied to the sample by unfolding itself in order to avoid stress 
concentration (Pao 1962). No cracks were observed up to a strain of 30 %, which 
ensures a constant number of electrons cross the pathway. The slight decrease in 
conductivity at 20 % and 30 % strain may be attributed to delamination of the MWrGO 
from the sheet after a large number of deformation cycles (Chen et al. 2014). These 
results illustrated that MWrGO/PDMS composite can maintain its good performance 
over 500 stretching-release cycles because of its reversible micro-wrinkled structure. 
The stable conductivity and long lifespan (up to 30 % strain and 500 cycles) of the 
MWrGO/PDMS composite demonstrate that it can be used as a stretchable and 
conductive component in the stretchable electronics. 
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Figure 4.6. Fatigue resistance and stable electrical conductivity under low deformation. 
(A-C) Normalized electrical conductivity of MWrGO/PDMS as a function of multiple 
stretching and release cycles at 10 %, 20 % and 30 % strains, respectively. (D) A 
drawing to show the samples were cut from one composite sheet at three different 
angles (E) The resistance of MWrGO/PDMS samples cut from one sheet at 3 different 
angles (0 °, 45 °, and 90 °) under 1000 stretching and release cycles at 10 % strain. 
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Since the GO film coated on the surface of SF is evenly shrunk in the plane, it offers 
a pre-loaded strain in MWrGO layer at any direction in the plane. Therefore, the 
resistance of the samples from one integrated MWrGO/PDMS composite was 
investigated at three different directions (0°, 45°, and 90°) under 10 % strain for 1000 
stretching-release cycles (Figure 4.6D and E). The close resistance (around 3100 Ω) 
of these three samples indicated that the wrinkle structure was very uniform and the 
electrical conductivity for samples prepared at three different angles remains very 
stable (less than 5 % changes) (Figure 4.7) during 1000 cycles at 10 % elongation. For 
existing elastomer pre-stretched fabrication process, delaminated graphene buckles 
formed after releasing the pre-stretched elastomer substrate may lead to the low 
endurance to a large number of stretching-release cycles (Wang et al. 2016; Zang et al. 
2013a). The MWrGO/PDMS composite has a stable electrical conductivity and a 
robust durability during the cyclic test. These properties make the MWrGO/PDMS 
composite particularly suitable for applications that require high homogeneity such as 
stretchable conductor used in the joints of robot or inter-connector within circuit 
boards.  
 
 
 
Figure 4.7 Normalized electrical conductivity of MWrGO/PDMS samples cut from 
one sheet at 3 different angles (0°, 45°, and 90°) under 1000 stretching and release 
cycles at 10 % strain. 
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4.6 Summary 
 
In this chapter, a novel method was introduced to fabricate a stretchable conductive 
pathway made by MWrGO via a thermo-mechanical shrinking process. By 
incorporating PDMS, the MWrGO/PDMS composite with high electrical conductivity 
and stretchability can be fabricated. The electrical conductivity of the composite is as 
high as 25.6 S/cm. The dynamic mechanical, morphological and electrical conductive 
properties of MWrGO/PDMS composite were also systematically investigated. The 
results indicated that about 46 % of electrical conductivity can be retained at a strain 
of 80 %. In addition, MWrGO/PDMS composite films can be isotropically stretched 
and the electrical conductivity of the composites can be maintained and recovered even 
after 1000 stretching-release cycles at 10% strain. This work has demonstrated the 
fabrication of the MWrGO structure with stable electrical properties and high 
durability, which provides a potential material for the development of stretchable 
electronics. 
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Chapter 5. Control of Micro-Wrinkled 
Structure through Tailoring the Thickness of 
Graphene Oxide Film and its Effects on the 
Electrical Properties 
 
5.1 Introduction 
 
The crumpled graphene based stretchable conductors possess superior properties in 
terms of electrical conductivity and stretchability, compared to the 3D porous graphene 
structure including graphene/polymer hydrogels (Wang et al. 2014a; Xu et al. 2013; 
Xu et al. 2010), foams (Brownson et al. 2013; Chen et al. 2013b; Zhao et al. 2013) and 
network (Chen et al. 2014). Challenges still remain in terms of controlling the wrinkled 
structure and the understanding of the relationship between wrinkle structure and 
electrical performance, which requires further investigation not only to reproduce the 
existing material, but also to develop new structure. 
 
The existing studies have suggested that the wavelength of wrinkles is in relation to 
the thickness of graphene films coated on the pre-strained substrate. Thicker graphene 
films lead to the larger wrinkle wavelength (Thomas et al. 2015a; Wang et al. 2016; 
Zang et al. 2014). These studies mostly focused on the thin films with the thickness 
less than 0.2 μm, but less reported how graphene films with thickness at micrometer 
scale behave during the wrinkle formation (Zang et al. 2014). In addition, the thicker 
graphene films can result in the higher electrical conductivity (Wang, Zhi & Müllen 
2008), which suggested that thicker graphene films could perform better than thinner 
ones especially as a component in stretchable conductors. There is a research gap 
requiring further investigation, which is the relationship between wrinkled thick 
graphene films (at micro scales) and electrical conductivity of corresponding 
stretchable conductors.  
 
In the previous chapter, the fabrication of wrinkled reduced graphene oxide (rGO) 
structure and its mechanical and electrical performance have been systematically 
investigated (Feng et al. 2015). Under cyclic testing, the stable conductivity and 
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durability of MWrGO/PDMS composites can be maintained for elongations up to 30 % 
for 500 stretching-release cycles, which is superior to results from other existing 
studies (Thomas et al. 2015a; Wang et al. 2016; Zang et al. 2014) on graphene based 
stretchable conductors. The isotropic shrinking has led to the ability of the composite 
film to acquire a multi-axial pre-loaded compressive strain in any direction across the 
plane.  
 
In this chapter, based on the previous thermo-mechanical shrinking process, the micro 
wrinkled rGO/polydimethylsiloxane (MWrGO/PDMS) composite films were 
fabricated with different thicknesses of GO film. A vacuum filtration transfer method 
was introduced to precisely manipulate the thickness of GO films on shrink films (SF). 
The wrinkle wavelength after shrinking process increased with the increasing of GO 
film thickness. The wrinkle wavelength and electrical conductivity against the GO film 
thickness were systematically investigated. 
 
5.2 Formation of tuneable micro-wrinkles 
 
 
 
Figure 5.1 Schematic illustration of transfer process of GO on SF using vacuum 
filtration method followed by mechanical compaction (A). Photos of transferring GO 
film process from filtration membrane to SF (B) and transferred GO film on SF (C). 
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The thickness of GO film on SF was controlled by varying GO weight on the SF at a 
given size of area to investigate its effects on wrinkle structure and electrical 
conductivity. A schematic illustration of the fabrication process of MWrGO/PDMS 
composite with tunable GO film thickness is shown Figure 5.1A. Since the diameter 
of the filtration system is constant, the thickness of GO films can be controlled by 
simply adjusting the filtration volume of GO suspension with certain concentration (in 
this case, 2 mg/mL). GO sheets were uniformly deposited on the filtration membrane 
under vacuum force and then a SF was placed onto the GO film for transferring GO 
film onto the targeted substrate. Using additional pressure, such as weight on top of 
the SF to enhance the contact between SF and GO film, is more effective and time 
saving to transfer the GO film onto the SF. Finally, the GO film can be detached from 
filtration membrane (Figure 5.1B) and transferred onto targeted substrate (SF) with a 
controllable thickness (Figure 5.1C). The remaining process of forming 
MWrGO/PDMS composite is the same as that described in Chapter 4.  
 
By varying GO weight in vacuum filtration system, GO films of five different 
thicknesses can be obtained after transferring onto SFs. The transparency level is 
gradually reduced with the increase of GO weight from 1 mg to 3 mg with an 
incremental weight of 0.5 mg for each sample (Figure 5.2 left). The corresponding 3D 
images for GO films on SFs and typical film thickness profiles were carried out to 
understand the specific thickness of GO films coated on the SFs (Figure 5.2 middle 
and right). The surface of SF was set as zero position. During single trace along one 
direction, the data was recorded as the height of GO film along the direction of the 
movement. The results showed that the thickness of GO film increased from to 0.7 to 
around 1.7 μm with the increase of GO weight from 1 to 3mg. 
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Figure 5.2 Photos of GO film with increased GO thickness on SF (left), Veeco 
Profilometer 3D images for GO film on SF with a series of GO weight (middle) and 
typical film thickness profiles recorded by profilometer during single trace along X 
axis (right). (From A to E are 1 mg, 1.5 mg, 2 mg, 2.5 mg and 3 mg GO, respectively). 
 
The thickness values for each sample were collected by measuring 6 points along a 
single profile trace and over 3 tracings per sample. The results show that GO film 
thickness increases linearly with the GO weight (with an equal increment of 0.5 mg) 
and ranges from about 0.7 to 1.7 μm (and the slope is 0.48) (Figure 5.3). Linear 
thickness growth indicates individual GO sheets were orderly stacked together to form 
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homogeneous GO layers and almost all GO layers were successfully transferred onto 
the SFs. The vacuum filtration combined with weight pressure is an effective method 
to control the thickness of GO on SFs and GO films of any thickness can be obtained 
according to the linear relationship (Figure 5.3). 
 
 
 
Figure 5.3 The thickness of GO film as a function of GO weight (Error bars indicate 
the standard deviations and the values for each sample were obtained by measuring 6 
points along a single profile trace and over 3 tracing lines per sample). 
 
5.3 Wrinkle formation with different GO films thickness 
 
MWrGO of different wavelengths can be produced by shrinking and reducing GO 
films of different thicknesses on SFs. SEM images show that large areas of uniform 
isotropic micro-wrinkles can be obtained and the wavelength of MWrGO certainly 
depends on the thickness of GO films (Figure 5.4 left). Thinner GO film produces 
wrinkles with small wavelength and thicker GO film leads to wrinkles with long 
wavelength. To calculate the wavelength distribution of MWrGO, a two-dimensional 
fast Fourier transform (2D FFT) was introduced to analyse SEM images. The 2D FFT 
patterns were shown in the right column of Figure 5.4. In addition, the prevailing 
wavelength peaks shift from 45 to 105 μm with the increasing of GO film thickness 
(Figure 5.5 A). 
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Figure 5.4 SEM top view of MWrGO on SF after shrinking (left) and the 
corresponding 2D FFT patterns (right). (From A to E are 1 mg, 1.5 mg, 2 mg, 2.5 mg 
and 3 mg GO samples, respectively). 
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Figure 5.5 (A) Distributions of MWrGO wrinkle wavelength with thickness, which 
was calculated from the FFT results (From a to e are 1 mg, 1.5 mg, 2 mg, 2.5 mg and 
3 mg GO samples, respectively); (B) Plot of main wrinkle wavelength obtained from 
(A) as a function of GO thickness.  
 
The existing studies have suggested that there is a strong relationship between wrinkle 
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wavelength and thickness when the film is thin (less than 200 nm). In this study, the 
GO films coated on SF are ranging from 0.7 to 1.7 μm in thickness (Figure 5.3).  It is 
important to understand how the thickness of GO films at micrometer scale and other 
material properties of the GO film and SF substrate (polystyrene), such as the Young’s 
modulus and the interfacial adhesive strength, determine the size of the wrinkles. Such 
an understanding will provide theoretical reference to the formation of wrinkles with 
film thickness at micrometer level. Since the formation of micro-wrinkles is a result 
of strain energy minimization and the surface energy (Thomas et al. 2015c), the 
relationship between GO thickness and wrinkle wavelength is expressed by the 
following equation (Groenewold 2001): 
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where, ξ is the wavelength of MWrGO wrinkles formed by isotropic shrinking, YGO 
and YPS are Young’s modulus of GO film and PS substrate, respectively, n is the scale 
factor, and t is the thickness of GO film. As the wrinkles were formed in all directions, 
this equation was required to be scaled from the traditional calculation of wrinkle 
wavelength (Cerda, Ravi-Chandar & Mahadevan 2002; Groenewold 2001). In the 
present study, YGO and YPS were 32 and 3.5 GPa, respectively (Fu et al. 2009), and the 
parameter, n, was calculated from the linear fitting of the experimental data, which is 
1.85. The fitting results are in good agreement with the experimental data (Figure 5.5 
B) with a linear regression coefficient of 0.96. This suggests that if the thickness of 
GO film can be determined, the wavelength of MWrGO could be predicted according 
to this equation. 
 
5.4 Relationship between GO film thickness and the electrical 
conductivity of composite and its potential application as sensor 
 
The electrical conductivity of composite is also related to the thickness of GO films. 
The resistance of 6 samples with different thicknesses were detected under 10% strain 
for 1000 stretching and release cycles. The results show that MWrGO/PDMS samples 
with a thickness ranging from 0.7 to 1.7 μm can all maintain stable electrical 
conductivity during 1000 stretching-release cycles at 10% strain (Figure 5.6A). This 
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illustrates that the GO film with thickness no more than 1.7 μm can keep a stable 
electrical conductivity and a robust durability during the cyclic test under low 
deformation (10% strain). 
 
 
 
Figure 5.6 The resistance of MWrGO/PDMS samples with various thickness as a 
function of multiple stretching and release cycles at 10% strain (A); and the 
experimental data of resistance at zero strain of MWrGO/PDMS samples with various 
thickness (B). 
 
The relationship between the thickness of GO film and resistance of MWrGO is shown 
in Figure 5.6B. The resistance of MWrGO decreases with the increase of GO film 
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thickness. This is because the resistance is inversely proportional to the thickness of 
conductor (Routh, Layek & Nandi 2012), according to the following equation 
 
ܴ ൌ ݇ ݈ݓ ڄ ݐ 
 
where R is the resistance, l is the length of the conductor, w and t are width and 
thickness of the conductor and k is a constant known as the resistivity of the material. 
In addition, due to the special wrinkle structures of rGO instead of flat graphene film 
and different wrinkle sizes, the resistance is not completely linear relationship with 
thickness of GO films. According to the experimental data, a fitting curve has been 
obtained as shown in the following equation 
 
ܴ ൌ െͳͻͻ൅ ͷͲͲͲ݁ሺ଻ିଵ଴௧ሻȀହǤହ 
 
where R is the resistance and t is the thickness of GO film. The regression coefficient 
of this equation is 0.997. The relationship concluded by this equation has significant 
contribution to predict the resistance of wrinkled rGO with different GO film thickness 
or different wavelength of wrinkles. 
 
 
 
Figure 5.7 The resistance changes of MWrGO/PDMS (3mg GO sample) as a function 
of multiple stretching and release cycles at 10 % strain. 
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Figure 5.8 SEM images of MWrGO/PDMS composite (3 mg GO sample) upon 
applying strain of zero (A), 10% (B) and relaxation back to zero strain (C) (All images 
are the same magnification and the scale bar, 1 mm). (The yellow circles point out the 
crack position).
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One potential application of these MWrGO/PDMS flexible films is sensor. Taking 3 
mg GO sample (1.7 μm of thickness) as an example, the resistance of this sample at 
zero strain is around 710 Ω, while the resistance at 10% strain is increased to around 
1000 Ω (Figure 5.7). This lightweight and strain-sensitive stretchable film can be 
applied as wearable strain sensor monitoring joint movement, blink, phonation, 
swallowing, pulse and breathing for athletes or patients. The gauge factor (GF) is a 
standard parameter to indicate the sensitivity of electrical changes to mechanical 
deformation, which can be expressed by ܩܨ ൌ ሺοܴȀܴሻȀߝ , where ∆R/R is the 
normalized resistance change and ɛ is the mechanical strain. In our case, GF is around 
4.3 as sample was stretched to 10% elongation which is much higher than the existing 
graphene based sensors (Zhao, Zhang & Shi 2013). The reason of resistance change 
under strain can be explained from SEM results. The isotropic wrinkles can be clearly 
seen as sample is at zero strain, while noticeable cracks appear when sample is 
stretched to 10% strain, and cracks disappear and intact wrinkle structure recovers after 
releasing the sample to zero strain (Figure 5.8). The formation of cracks changes the 
path of electron mobility and thus leads to variation in resistance. These 
MWrGO/PDMS films exhibit ultra-light, relatively good sensitivity, superior physical 
robustness, high reversibility, and easy fabrication enabling a promising application of 
graphene in strain sensors. 
 
5.5 Summary 
 
Based on the studies in Chapter 4, this chapter precisely manipulated the wrinkle 
structure and systematically investigated the relationship between wrinkle structure 
and the corresponding properties. By controlling the thickness of GO film, rGO 
wirnkles with different wavelength can be achieved. How the wavelength of rGO 
wrinkles depends on the thickness of GO film has been theoretically discussed. The 
relationship between the thickness and the electrical conductivity of MWrGO under 
strain has been statistically discussed. This work improved the thermo-mechanical 
fabrication process of MWrGO structure and demonstrated the relationship between 
GO film thickness and the resultant properties (wrinkle wavelength and electrical 
conductivity), which can assist the future development of wrinkled structure.  
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Chapter 6. A Prospect Application of Micro-
Wrinkled Reduced Graphene Oxide (MWrGO) 
Films as Oil Absorption Material  
 
6.1 Introduction  
 
It has been reported that as oil absorbents, graphene based 3D architectures are 
superior to activated carbon, expanded graphite, natural fibre products and 
organoclays (Li et al. 2014b; Thomas et al. 2015b) due to their high theoretical surface 
area, hydrophobicity, processability and strong mechanical properties (Li et al. 2014b; 
Nardecchia et al. 2013; Nguyen et al. 2012a; Niu et al. 2012; Thomas et al. 2015b). 
Although these 3D structures offer high oil absorption capacities, challenges still 
remain to meet the practical requirements for oil absorbents especially in terms of 
recyclability and long term durability.  
 
The challenge to improve the recyclability and long term durability of graphene based 
oil absorbents is associated with the oil removal methods based on the currently 
developed 3D porous structures. Oil is typically removed from the absorbents through 
mechanical compression, burning or distillation, which may affect the reusability of 
oil absorbents and potentially degrade the valuable oils (Li et al. 2014b). Although 
mechanical compression of the absorbents is the most convenient approach to 
recovering the absorbed oil from sponge like absorbents, the recovery of oil may be 
limited depending on the materials structure and porosity interconnectivity, which in 
turn decreases the absorption capacity during repeated cycles (Li et al. 2014b). Even 
though a pyrolysis method can remove most absorbed oil (Hashim et al. 2012a; Li et 
al. 2014b), the gas produced from burning oil could potentially be a significant 
pollution to the environment and a waste of important resource. Furthermore, 
distillation normally requires a large amount of heat to evaporate the oils with boiling 
points typically higher than 150 ºC (Hu et al. 2014; Li et al. 2014b). New materials 
able to offer high recovery and long term stabilities applied through innovative 
recovery techniques should therefore be designed. Recently, crumpled graphene 
structures with super-hydrophobicity (water contact angle 152º (Zang et al. 2013b)) 
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have been developed, which has potential oil absorption ability and high durability, 
but the studies on the oil absorption properties of this structure has not been reported 
to the best of our knowledge to date (Compton et al. 2010; Fan et al. 2013; Luo et al. 
2011; Luo et al. 2012; Wang et al. 2015; Wen et al. 2012; Zang et al. 2013b). 
 
In this work, flexible MWrGO materials were fabricated through a simple and cheap 
thermo-mechanical shrinking process, followed by the incorporation of 
polydimethylsiloxane (PDMS) elastomeric matrices (Feng et al. 2015). The elastomer 
which provides both flexibility and mechanical strength is able to intimately interface 
with the 3D hierarchical architectures to form a high surface area material. The oil 
absorption capacity, absorption rate and recyclability of GO films with three 
thicknesses were investigated to find out the relationship between GO film thickness 
and oil sorption ability. Three different oils with various density and viscosity were 
used to understand the selectivity of MWrGO in oil type. The capillary action 
mechanism of oil absorption in MWrGO was also discussed. This MWrGO/PDMS 
composite can potentially contribute to the field of oil spill clean-up and be used in 
advanced separation processes in the petro-chemical and pharmaceutical industries. 
 
6.2 Thickness Control of GO Films on SF 
 
The MWrGO was successfully synthesized through a modified Hummers method and 
characterized with electron microscopy and Raman/FTIR (Dumée et al. 2014a; Dumée 
et al. 2014b; Feng et al. 2015). The fabrication process that can control the thickness 
of MWrGO and PDMS flexible composite films was the same as described in Chapter 
5 (Figure 5.1). The thickness of GO layers was controlled by adjusting the volume of 
suspension to be filtered in the vacuum filtration process (Eda, Fanchini & Chhowalla 
2008a). The GO films were transferred before drying onto the SFs and pressed with a 
uniform load for up to 12 h, ensuring the intimate contact between GO films and also 
between GO and the SFs. The thickness of the 3 samples, MWrGO-1, MWrGO-2 and 
MWrGO-3, is 0.78, 1.29 and 1.67 μm, respectively (Figure 6.1) and the evenness of 
the thickness distribution improves with the increase in thickness. 
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Figure 6.1 2D graphs of GO film with different thickness on the shrinking film (left) 
and the corresponding typical film thickness profiles recorded by profilometer during 
single trace along X axis (right). (A) MWrGO-1, (B) MWrGO-2 and (C) MWrGO-3. 
 
As indicated in Figure 6.2 A, C and E, the transparency of GO coated shrinking films 
varied with the thickness of these GO films. After the GO films were transferred onto 
the shrinking films and stabilized, a simple thermo-mechanical shrinking process and 
a chemical reduction with hydrazine were applied to form superhydrophobic wrinkled 
graphene structures. The successful reduction of GO was confirmed from the absence 
of the peak at 2θ of 11º in XRD spectrum and the increased carbon/oxygen ratio from 
2.5 to 6.1 calculated from XPS spectrum (Figure 6.3). The final step was the casting 
of PDMS on MWrGO and the etching of SF substrate. PDMS not only helped maintain 
the intact structure of MWrGO but also offered flexibility to improve the convenience 
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of use compared to MWrGO on rigid plastic SFs. The wrinkled rGO structure was 
confirmed by SEM (Figure 6.2 B, D and F).  
 
 
 
Figure 6.2 Photographs of GO films with different thickness transferred on the 
transparent shrinking films (left column), and representative SEM images of MWrGO 
on PDMS (right column): (A and B) MWrGO-1, (C and D) MWrGO-2 and (E and F) 
MWrGO-3. 
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Figure 6.3 (A) XRD spectrum: the characteristic peak at 2θ of 11 º is the representative 
scattering from rGO sheets. (B) XPS spectrum of low resolution scan. (C) and (D) 
XPS spectra of high resolution scan for MWGO and MWrGO respectively. The 
obvious decease in oxygen content can be seen after chemical reduction. 
 
6.3 Wettability Measurement 
 
The superhydrophobic properties of the MWrGO materials were confirmed by 
measuring water contact angle (Figure 6.4). A high contact angle of at least 150º was 
achieved from the dynamic water contact angle measurement across the surface of all 
three MWrGO composite samples and the water contact angle maintains unchanged 
over time (Figure 6.4A). It is also observed that there was a slight increase in water 
contact angle from 152º (MWrGO-1), 156º (MWrGO-2) to 160º (MWrGO-3). This is 
because the average surface roughness of these samples has increased from around 
14.7 μm for MWrGO-1, 22.4 μm for MWrGO-2 to 30.8 μm for MWrGO-3 (Figure 
6.5), which is in good agreement with the Cassie–Baxter model about rough surface 
wettability (Marmur 2003). Therefore, the wrinkled structure induced the surface 
roughness which in turn led to the superhydrophobicity. 
 
 114 
 
 
 
Figure 6.4 Wettability of MWrGO/PDMS composite film with different GO thickness. 
(A) and (B): Changes of contact angles against time on MWrGO-1, MWrGO-2 and 
MWrGO-3 for water and pump oil droplets, respectively. (C) Photographs of water 
and oil (pump oil, canola oil and engine oil) droplets on the surface of MWrGO with 
different contact time. The moment when oil droplets just contacted with surface of 
MWrGO samples was set as 0 s. The time 1s, 10s and 60s were the corresponding oil 
spreading time after contacting. Sample MWrGO-1 was taken as an example. 
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Figure 6.5 Representative roughness profiles of MWrGO-1 (A), MWrGO-2 (B) and 
MWrGO-3 (C). Ra is the calculated average roughness. 
 
However, the micro-wrinkled GO surface promoted the absorption of oils as the oil 
droplets spread almost instantaneously when the oil was in contact with the surface of 
MWrGO as demonstrated from the abrupt decrease in oil dynamic contact angle over 
time (Figure 6.4B). Furthermore, for all of the different oils tested, the contact angle 
reaches zero within 30s regardless of the roughness of the samples, highlighting the 
versatility of the materials to absorb different oil chemistries (Figure 6.4B for pump 
oil and Figure 6.6A for canola oil and Figure 6.6B for engine oil). This result therefore 
illustrates that the oil spreading rate is not dependent on the roughness of MWrGO. 
However, the spreading rate for the different oils was found to vary between the oils, 
as shown in Figure 6.4C and Figure 6.6C and D. The fastest absorption rate was 
obtained for the pump oil (55 cSt), followed by canola oil (70 cSt). The full wetting 
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took longer time for engine oil to achieve. This may be related to the viscosity of the 
engine oil which was found to be 8-10 times higher than that of the other oils (550 cSt 
at 20 ºC (Table 6.1)). Therefore, the difference in viscosity may have led to the 
different spreading rates of the liquid oils across the MWrGO, and there was no 
significant difference among those different surface roughness. It can be concluded 
from the results of contact angle that all MWrGO samples possess excellent water 
repellent performance and oil affinity properties, making the MWrGO a potential 
efficient oil absorber.  
 
 
 
Figure 6.6 Changes of contact angles against time on MWrGO-1, MWrGO-2 and 
MWrGO-3 for canola oil (A) and engine oil (B). Photographs of water and oil droplets 
on the surface of MWrGO. (C) MWrGO-2 and (D) MWrGO-3. 
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Table 6.1 Physical properties of the oils tested in this work 
Oil Types Density (g/mL) Viscosity (cSt, @20 °C) 
Pump Oil 0.87 55 
Canola Oil 0.91 70 
Engine Oil 0.88 550 
 
6.4 Capillary Action Induced Oil Absorption in MWrGO Materials 
 
The superhydrophobicity and superoleophilicity of the MWrGO follows the 
mechanism of the lotus effect and the theory of capillary action (Batchelor 2000) 
(Figure 6.7). The thermo-mechanical shrinking process created a rough surface from 
a number of microwrinkles and the roughness was determined by the thickness of the 
rGO and the shrinking degree. The curvature created between the neighbouring walls 
of the wrinkles formed a capillary space (Figure 6.7). When liquid water was in contact 
with the wrinkled surface, the interfacial force (Fw) between water and MWrGO drives 
the water droplets on the surface of wrinkles away from the curvatures (Figure 6.7A) 
even at their tips due to the water contact angle of flat rGO paper being larger than 90º 
(Figure 6.8). This results in a drag force (Fwtotal) that propels the water away from the 
MWrGO. The hydrophobicity of rGO also leads to a low adhesive force between the 
water and MWrGO sheets, allowing for the water to roll off naturally from the surface. 
 
 
 
Figure 6.7 Schematic of water (A) and oil (B) attachment mechanisms on the surface 
of MWrGO. The angles θw and θo are the water and oil contact angles on the graphene 
surface, respectively. Fw and Fo are the water and oil interfacial forces created 
between wrinkles of rGO and liquid droplets, and the Fwtotal and Fototal are the 
resultant total forces within a curvature for water and oil, respectively. 
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The oleophilic rGO surface was developed from the aromatic carbon rings of unique 
rGO structure that were recovered during the chemical reduction process of GO, and 
is compatible with oil (Iqbal & Abdala 2013). This surface created a directional 
interfacial force between oil and MWrGO. The interfacial force between oil and the 
inner wall of graphene wrinkles drives the liquid oil towards the curvature space of 
wrinkles (Figure 6.7B). This phenomenon is very similar at the sub-micron scale of 
the graphene micro-waves to a capillary action. Additionally, oil can be stored in the 
space generated by the wrinkled capillary structure, which endows the oil absorption 
ability to the MWrGO/PDMS composite film. The different functions of the wrinkles 
on water and oil provide the composite films with the high oil absorption but water 
repelling abilities. 
 
 
 
Figure 6.8 Water contact angle of flat rGO film (left) and the photo of water droplet 
on the surface of flat rGO film (right). 
 
6.5 Oil Absorption Capacity and Kinetics 
 
Figure 6.9A presents the absorption of pump oil dyed with oil red that is floating on 
the top of water surface. Due to their light weight and water repellence, the 
MWrGO/PDMS composite films can float on the surface of the water and absorb oil. 
Once the saturated absorption is reached the films absorbed with oil can be easily 
recovered. This suggested that MWrGO/PDMS have the potential to be applied to 
clean up the surface floating oil spills in ocean and river.  
 
The absorption capacity of different oils was also investigated for MWrGO with 
different graphene thicknesses (Figure 6.9B). The water uptake for all samples was 
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found to be lower than 0.5 g/g (Table 6.2) indicating that the water absorption would 
not have significant effects on the total absorption capacity when they were used as oil 
absorbing materials on the surface of water. As seen in Figure 6.9B, the highest oil 
absorption capacity is achieved for engine oil regardless of the sample roughness. This 
suggests that the oil uptake capacity is viscosity dependent as the higher viscosity the 
oil, the higher the absorption capacity. This is in a good agreement with other studies 
where carbon nanotubes/graphene aerogels were used as oil absorbent and the oil with 
high viscosity can be absorb more than that with low viscosity (Hu et al. 2014). For 
sample for MWrGO-1, the thinnest sample, the absorption capacity was of 36.3 g/g 
for pump oil, 41.4 g/g for canola oil and 84.3 g/g for engine oil, and found to be higher 
than any of the adsorption obtained with the thicker graphene micro-wavy samples.  
 
 
 
Figure 6.9 (A) Photographs of oil absorption process for the pump oil floating on the 
surface of water. The oil was dyed with oil red for a better view of oil removal. (B) Oil 
absorption capacity of MWrGO with different GO thicknesses for different oil types. 
The oil viscosity was measured at a temperature of 20ºC. (C) Plot of oil absorption 
capacity versus time for the calculation of oil absorption rate for MWrGO-1. 
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Table 6.2 Water absorption of MWrGO samples with different GO thickness 
Samples Water Absorption (g/g) 
MWrGO-1 0.51 ± 0.11 
MWrGO-2 0.49 ± 0.13 
MWrGO-3 0.52 ± 0.10 
 
In the following section, we focus on the sample MWrGO-1, as the graphene thickness 
showed no significant impact on oil spreading rate and the sample MWrGO-1 offered 
the highest oil absorption capacity. The plot of the oil capacity as a function of the 
exposure duration was fitted by a second-order model as described by the following 
equation (Hu et al. 2014; Wei & Yen 2007): 
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where, Qmax is the saturated absorption capacity, Qt is the absorption capacity at time 
t, t is the contacting time with oil and k is the absorption constant. The fitting curves 
agree well with the experimental results (Figure 6.9C). The fitting results were 
summarized in Table 6.3. The calculated absorption constants are 0.106 for pump oil, 
0.058 for canola oil and 0.022 for engine oil, suggesting that the fastest absorption rate 
is achieved in the oil with the lowest viscosity and the high flowability. Even though 
the viscosity of engine oil is very high (550 cSt), the absorption constant of MWrGO-
1 is still comparable with existing studies on high viscous pump oil (Hu et al. 2014). 
 
Table 6.3 Calculated parameters from second-order model in oil absorption rate 
Samples Oil Type k (s-1) R2 
MWrGO-1 Pump Oil 0.106 0.98 
MWrGO-2 Canola Oil 0.058 0.98 
MWrGO-3 Engine Oil 0.022 0.95 
 
The oil absorption capacity, recyclability, removal method, efficiency and 
convenience of use of the MWrGO films are compared with the existing oil absorbers 
reported in the literature which is summarized in Table 6.4. The oil absorption capacity 
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of MWrGO-1 is higher than the traditional materials (e.g. activated carbon, straw, 
cotton, and wool fibres, which have an oil absorption capacity less than 23 g/g) and 
most of the polymer sponges (poly(lactic acid), polyurethane, polyester, PDMS that 
can absorb oils between 2.9 - 103 g/g) and comparable to graphene or carbon nanotube 
based absorbers (aerogels, sponges and foams with an oil absorption capacity of ~13 - 
320 g/g). 
 
6.6 Recyclability of MWrGO/PDMS Composites as Oil Absorber 
 
The recyclability of MWrGO/PDMS composite plays an important role in oil clean up 
applications. In consideration of the oil spreading rate and oil absorption capacity, 
MWrGO-1 was chosen as the best sample to test the recyclability due to its highest 
absorption capacity. As the highest oil absorption capacity was achieved for MWrGO-
1 composite film, the recyclability of this sample was then determined. The composite 
film with absorbed oil was wrapped by a piece of steel mesh, which was placed in a 
50 mL centrifuge tube with tissue paper at the bottom. The centrifugation was 
conducted at 9,000 rpm for 5 min. After centrifugation, the dry film was used in the 
next absorption-centrifugation cycle. 
 
The oil absorption capacity can be highly recovered and maintained at a high level 
during an experiment of 20 absorbing-removing cycles for pump oil, canola oil and 
engine oil (Figure 6.10A, B and C). The absorbed oil can be easily removed from 
MWrGO samples by centrifugation and collected at the bottom of the centrifuge tube 
(Figure 6.10D). The porous stainless steel mesh protected the composite film and 
separated it from the removed oil by centrifugal force. The oil removal percentage can 
be retained over 98% for all the oils tested during 20 cycles, suggesting that the oil 
absorption capacity can be retained across multiple cycles. The recyclability of the 
materials reported in literature was typically measured for only up to 10 cycles and 
few up to 50 and 200 cycles, and the oil removal efficiency broadly ranges from single 
use operations to > 99 % recovery (Table 6.4), which indicates the remained issue of 
oil recovery in the existing oil absorbers. In this case, the MWrGO/PDMS composite 
films provided advantageous reusability for the future oil absorbing materials and the 
oil removal method using centrifugation is also sufficient for MWrGO/PDMS 
composite films compared to the reported removal method like mechanical 
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compression, pyrolysis, or distillation. 
 
 
 
Figure 6.10 Recyclability test for different oils: (A) Pump oil, (B) Canola oil, (C) 
Engine oil. The absorbed oil was removed by centrifugation of composite films. (D) 
Centrifuge tube for oil collection and the photograph of the composite film before and 
after centrifugation. Photographs of folded (A) and rolled (B) MWrGO/PDMS 
composite film, indicating its flexibility and portability.
 
Apart from the remarkable recyclability, as a freestanding and flexible films, the easy 
use and transporting of MWrGO/PDMS composite are advantageous to the existing 
absorbers. Graphene sponge or aerogel structure is the most common structure 
fabricated for oil absorption. Despite their high oil absorption capacity, the large 
volume of these materials has made them difficult for transportation, which limits their 
practical application. The flexible MWrGO/PDMS composite fabricated in this work 
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can be rolled and packed easily (Figure 6.10E and F), which saves the space for 
transportation and makes it as the potential candidate for the development of future oil 
spill clean-up materials. Fabrication of large volume MWrGO/PDMS could also be 
achieved by using spin- or spray-coating of GO solution onto SF of a large surface.  
 
6.7 Summary 
 
Flexible oil absorbent materials with tuneable oils uptake capacities were fabricated 
by the incorporation of MWrGO onto a PDMS matrix. The surperhydrophobicity and 
superoleophilicity of MWrGO surface were determined by water (all over 150 °) and 
oil contact angle (spread in one minute). The highest oil absorption capacity was 
achieved in the thinnest sample (MWrGO-1) for engine oil (84.3 g/g). The composite 
film was proved to be able to maintain over 98 % of original capacity during 20 
sorption-removal cycles. This work has suggested potential application of 
MWrGO/PDMS composite films in the field of oil sorption, especially to deal with the 
surface floating oil spills in ocean and river.  
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Table 6.4 Property summary of existing oil absorption materials for comparison with present work 
Materials & Structures Oil Tested Oil Absorption 
Capacity 
(g/g) 
Recyclability 
(Cycle Numbers) 
Removal 
Methods 
Capacity 
Remaining 
Percentage 
Convenience of 
Transporting 
References 
Traditional Absorbents (e.g. 
zeolites, organoclays, 
activated carbon, straw, 
cotton, wool fibres, etc) 
 Max. 8-23      
Polymer 
Sponge 
Poly(lactic 
acid) 
Vegetable Oil 
Diesel 
Gasoline 
Crude Oil 
Lubricate Oil 
Max. 5 
(vegetable oil) 
5 Low Pressure 
Distillation 
< 61% Easy (flexible 
membrane) 
(Xue et al. 
2013) 
Polyurethane Max. 25 
(lubricate oil) 
400 Organic Solvent 
Washing 
n.a.  (Zhu et al. 2013) 
Polyurethane Max. 103 
(bean oil) 
n.a. n.a. n.a. Difficult (large 
volume) 
(Chen & Pan 
2013) 
Polyester Max. 2.9 
(crude oil) 
n.a. n.a. n.a. Easy (flexible 
sheets) 
(Nguyen et al. 
2012a) 
PDMS Max. 4.9 
(motor oil) 
20 Squeezing n.a. Difficult (large 
volume) 
(Choi et al. 
2011) 
Graphene Capsules (Hollow 
Spheres) 
Vegetable Oil Max. 13 
(vegetable oil) 
n.a. n.a. n.a. Hazardous 
(particles) 
(Sohn et al. 
2012) 
Mesoporous Graphene Dodecane 
Kerosene 
Max. 30 
(kerosene) 
10 Heat 
Evaporation 
90% Hazardous 
(powder) 
(Fan et al. 2013) 
CNT Sponge Kerosene 
Used Engine Oil 
Mineral Oil 
Vegetable Oil 
Diesel Oil 
Max. 80 (used 
engine oil) 
n.a. Burning or 
Sqeezing 
n.a. Difficult (large 
volume) 
(Hashim et al. 
2012b) 
Max. 130 
(vegetable oil) 
10 Burning or 
Squeezing 
40% or 13% (Wei & Yen 
2007) 
CNT/Polymer Sponge Soybean Oil 
Used Motor Oil 
Max. 25 
(soybean oil) 
n.a. n.a. n.a. n.a. (Wang & Lin 
2013) 
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Diesel Oil 
Gasoline 
Graphene/Polymer Sponge Diesel Oil 
Olive Oil 
Pump Oil 
Soybean Oil 
Lubricate Oil 
Max. 112 
(lubricate oil) 
50 Squeezing n.a. Difficult (large 
volume) 
(Liu et al. 2013) 
Max. 48 
(diesel) 
10 Solvent 
Extraction 
> 95% (Li, Liu & Yang 
2013) 
Max. 99 
(soybean oil) 
5 Squeezing 20 % (Nguyen et al. 
2012a) 
Graphene Aerogel Lubricate Oil 
Bean Oil 
Olive Oil 
Diesel Oil 
Pump Oil 
n-dodecane 
Max. 40 
(lubricate oil) 
 
n.a. n.a. 50% - 93% Difficult (large 
volume) 
(Wu et al. 
2013b) 
Max. 140 (n-
dodecane) 
5 Burning off, 
Distillation or 
Squeezing 
50-98% (Li et al. 2014a) 
Graphene Foam Diesel 
Pump Oil 
Lubricate Oil 
Olive Oil 
Gasoline 
Motor Oil 
Petroleum 
Max. 122 
(olive oil) 
n.a. Burning off n.a. Difficult (large 
volume and low 
mechanical 
properties) 
(He et al. 2013) 
Max. 37 
(motor oil) 
10 Organic Solvent 
Washing 
98% (Niu et al. 
2012) 
Graphene/CNT Aerogel Pump Oil 
Vegetable Oil 
Crude Oil 
Diesel 
Gasoline 
Max. 138 
(pump oil) 
5 or  Squeezing 70% Difficult (large 
volume) 
(Hu et al. 2014) 
Max. 320 
(motor oil) 
10 High 
Temperature 
Evaporation 
> 99% (Sun, Xu & 
Gao 2013) 
Graphene/CNT Foam Compressor Oil 
Sesame Oil 
Max. 105 
(sesame oil) 
6 Organic Solvent 
Washing and 
< 90% Medium 
(unknown 
(Dong et al. 
2012a) 
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High 
Temperature 
Drying 
mechanical 
properties) 
Spongy Graphene Pump Oil 
Castor Oil 
Soybean Oil 
Max. 300 
(pump oil) 
n.a. n.a. n.a. Difficult (large 
volume) 
(Bi et al. 2014) 
Max. 75 (caster 
oil) 
10 Distillation 99% Medium (low 
mechanical 
property) 
(Bi et al. 2012) 
Exfoliated Graphite Heavy Oil 
Crude Oil 
Max. 86 (A-
grade heavy 
oil) 
n.a. Squeezing < 70% Medium 
(powder) 
(Toyoda & 
Inagaki 2000) 
MWGN/PDMS Composite Canola Oil 
Pump Oil 
Engine Oil 
      
 127 
 
 
Chapter 7. Conclusions and Future Work 
 
7.1 Summary 
 
The application of graphene based materials in the area of stretchable electronics has 
driven enormous attention, especially in terms of the design of stretchable structures. 
This thesis has finely tuned the synthesis process of rGO, focused on the introduction 
of a thermo-mechanical shrinking process to fabricate wrinkled rGO structure as 
stretchable conductors and finally presented another potential application of wrinkled 
rGO structure. 
 
In Chapter 3, we systematically studied the modified Hummer’s method that is used 
to synthesize GO and effectively separate different GO sheets size by a centrifugation 
method. The surface chemistry and structure of GO, and electrical conductivity and 
mechanical properties of GO and rGO are proved to depend on the GO sheet size. rGO 
buckypapers made from GO (obtained at centrifuge speed of 2000 rpm) with larger 
sheet size exhibit higher tensile strength and electrical conductivity with fewer defects 
and denser interlayer distance which have been confirmed by higher ratio of C/O, 
lower intensity ratio of D/G, and larger 2θ values.  
 
In addition, the tuneable reduction of GO BPs without noticeable crystalline damage 
under gamma irradiation in hydrogen gas at room temperature is demonstrated. The 
process is simple, efficient and facile, leading to the large scale production of low 
defect rGO. The rGO BPs can be pre-assembled to virtually any shape and 
incorporated into other polymers for various applications, opening the route to the 
design of ultra-thin and complex graphene architectures with potential applications in 
sensing, molecular separation and nano-electronics. It has been confirmed that the 
reduction mechanisms are selective and that eopoxy and hydroxyl groups are primarily 
affected by the ɣ-ray reduction process. The reduction degree of GO can also be 
controlled by adjusting the total irradiation dose therefore opening the way to the 
custom design of graphene materials with very specific surface functional groups. 
Gamma irradiation reduction in gaseous phase therefore provides a new solution-free 
route to the mass production of controllable quality grade graphene products.  
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In Chapter 4, a simple and cost-effective method has been demonstrated to construct 
MWrGO structure supported with a PDMS substrate to form a stretchable and 
electrically conductive composite. The microscopic and spectroscopic 
characterizations indicate that the wrinkled structure of rGO can be formed after the 
shrinkage and the electrical conductivity of MWrGO can achieve as high as 25.6 S/cm 
after chemical reduction in hydrazine vapour. The changes of electrical conductivity 
were measured under different strain range and a turning point of 30 % strain was 
identified. Although a gradual and linear decrease in conductivity is observed over 30 % 
strain, 46 % of the conductivity (11.9 S/cm) has been retained even at a high strain of 
80 %. The microscopic characterisation of MWrGO/PDMS composites under different 
strain has suggested that the occurrence of cracks has adverse effects on the electrical 
conductivity when strain is increased above 30 %, whereas the coherent conducting 
pathways always exist along the strain direction to ensure the transportation of 
electrons. Furthermore, the MWrGO/PDMS composites are able to maintain stable 
electrical conductivity and tolerate low deformation (10 %, 20 % and 30 % strain) for 
up to 500 stretching-release cycles without damage. Due to the isotropic shrinking 
during the fabrication process, the composite has a uniform wrinkle structure and can 
be stretched to any directions within the plane of the film. This MWrGO/PDMS 
composite can be simply and inexpensively fabricated and could potentially provide a 
new solution for the fabrication of future stretchable component in the stretchable 
electronics. The future work will focus on the manipulation of the thickness of GO 
films to investigate the effect of thickness on the electrical conductivity of MWrGO 
composites. 
 
In Chapter 5, the thickness of GO films was tuned and the relationship between GO 
film thickness and the corresponding wrinkle wavelength and electrical conductivity 
was systematically investigated. The vacuum filtration combining with contacting 
transferring was introduced to produce GO films with different thickness on SF from 
0.7 to 1.7 μm. The resultant wavelength as per the thickness of GO films was 
determined through FFT calculation of representative SEM images. The results 
showed that the wavelength of rGO wrinkles was found to be increased from 45 to 105 
μm with the increasing of GO films, which could be attributed to the easy delaminating 
of thick GO films. The electrical conductivity of the composite films with different 
thickness of GO films decreased followed an exponential decay, and reached plateaus 
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stage after thickness over 1.7 μm. The results from electrical conductivity under cyclic 
strain suggested that the composite films are able to retain the stable conductivity up 
to 1000 stretching-release cycles under 10 % strain, which appeared the high fatigue 
resistance. This study has provided not only the potential ability of wrinkled rGO based 
composite as stretchable conductors, but also the theoretical relationship between GO 
film thickness and the resultant properties (wrinkle wavelength and electrical 
conductivity) for the future application of wrinkled rGO. 
 
In Chapter 6, the flexible oil absorber was fabricated by the incorporation of MWrGO 
in to PDMS matrix. The thickness of GO can be controlled by vacuum filtration 
transferring method. The successful synthesis of rGO and the formation of wrinkled 
structure were confirmed by spectroscopic and microscopic characterisation. Three 
different thicknesses of GO were characterised in terms of wettability and oil 
absorption capacity, rate and recyclability. The water contact angle of MWrGO surface 
is all over 150 º which is superhydrophobic. The oil can spread out on the surface of 
MWrGO which is detected by the decrease in oil contact angle. The oil absorption rate 
was proved to be not dependent on the thickness of GO. The thinnest sample 
(MWrGO-1) was found to have the highest oil absorption capacity of 36.3 g/g for 
pump oil, 41.4 g/g for canola oil and 84.3 g/g for engine oil, and it can be reused for 
multiple absorbing-removing cycles without capacity loss. A new centrifugation 
method was introduced to remove the absorbed oil, which can efficiently remove 
absorbed oil and maintain the absorption capacity over 98%. Both oil spreading rate 
and oil absorption capacity are viscosity dependent. These superior oil absorption 
performance suggested potential application of MWrGO/PDMS composite films in 
the field of oil absorption. The future work will focus on the enhancement of oil 
absorption capacity by introducing 3D porous structure into MWrGO layers or 
constructing MWrGO on both side of PDMS films. 
 
7.2 Future work 
 
7.2.1Yield of GO 
 
For the current synthesis of GO, 1 or 2 g of graphite was used as the starting materials. 
But with large amount of graphite (> 2 g), the synthesis of GO was not always 
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successful. The unsuccessful synthesis with 2 g or more graphite may be because the 
graphite layer has not been completely expanded and oxidised before the next step of 
increasing temperature to 98 °C, thus increasing the mass of oxidants and reaction time 
could be a possible way for large-scale GO synthesis. This issue will need further 
investigation to improve the yield of GO in large amount.  
 
7.2.2 Shrinking of shrink film with large area 
 
The shrinking of shrink film with large area was difficult to control to obtain uniform 
film, especially when coated with GO films, which limited the scalable production of 
MWrGO. In the future, the properties of shrink film may require fine manipulation in 
order to improve the shrinking process for large shrink films. 
 
7.2.3 Stretching-releasing cyclic test 
 
We did not conduct more cyclic test at this stage because of the limitation of the current 
tensile test setup and time issue, which is required to be improved in the future by 
using a more advanced testing system. 
 
7.2.4 Potential application of MWrGO 
 
Based on the study of micro-wrinkled structure of rGO, various applications such as 
stretchable conductors, sensors, oil absorption devices are discovered due to the large 
surface area, high electrical conductivity, robust mechanical properties, super-
hydrophobic and super-oleophilic properties of MWrGO. In addition, GO possesses 
good biocompatibility and could be used as cell culture medium, thus the wrinkled GO 
structure before reduction can be potentially used as the scaffold for cell growth. 
 
 131 
 
References 
 
Ahn, HS, Jang, J-W, Seol, M, Kim, JM, Yun, D-J, Park, C, Kim, H, Youn, DH, Kim, 
JY, Park, G, Park, SC, Kim, JM, Yu, DI, Yong, K, Kim, MH & Lee, JS 2013, 'Self-
assembled foam-like graphene networks formed through nucleate boiling', Sci. Rep., 
vol. 3. 
 
Arsat, R, Breedon, M, Shafiei, M, Spizziri, PG, Gilje, S, Kaner, RB, Kalantar-zadeh, 
K & Wlodarski, W 2009, 'Graphene-like nano-sheets for surface acoustic wave gas 
sensor applications', Chemical Physics Letters, vol. 467, no. 4–6, pp. 344-7. 
 
Ata, S, Kobashi, K, Yumura, M & Hata, K 2012, 'Mechanically Durable and Highly 
Conductive Elastomeric Composites from Long Single-Walled Carbon Nanotubes 
Mimicking the Chain Structure of Polymers', Nano Letters, vol. 12, no. 6, pp. 2710-6. 
 
Axisa, F, Brosteaux, D, De Leersnyder, E, Bossuyt, F, Vanfleteren, J, Hermans, B & 
Puers, R 2007, 'Biomedical Stretchable Sytems using MID Based Stretchable 
Electronics Technology', in Engineering in Medicine and Biology Society, 2007. 
EMBS 2007. 29th Annual International Conference of the IEEE, pp. 5687-90. 
 
Bae, S, Kim, H, Lee, Y, Xu, X, Park, J-S, Zheng, Y, Balakrishnan, J, Lei, T, Ri Kim, 
H, Song, YI, Kim, Y-J, Kim, KS, Ozyilmaz, B, Ahn, J-H, Hong, BH & Iijima, S 2010, 
'Roll-to-roll production of 30-inch graphene films for transparent electrodes', Nat 
Nano, vol. 5, no. 8, pp. 574-8. 
 
Bai, H, Li, C & Shi, G 2011, 'Functional Composite Materials Based on Chemically 
Converted Graphene', Advanced Materials, vol. 23, no. 9, pp. 1089-115. 
 
Batchelor, GK 2000, An Introduction to Fluid Dynamics, Cambridge University Press. 
 
Béfahy, S, Yunus, S, Burguet, V, Heine, JS, Troosters, M & Bertrand, P 2008, 
'Stretchable gold tracks on flat polydimethylsiloxane (PDMS) rubber substrate', 
Journal of Adhesion, vol. 84, no. 3, pp. 231-9. 
 
B́fahy, S, Yunus, S, Pardoen, T, Bertrand, P & Troosters, M 2007, 'Stretchable helical 
gold conductor on silicone rubber microwire', Applied Physics Letters, vol. 91, no. 14, 
p. 141911. 
 
Bi, H, Xie, X, Yin, K, Zhou, Y, Wan, S, He, L, Xu, F, Banhart, F, Sun, L & Ruoff, RS 
2012, 'Spongy Graphene as a Highly Efficient and Recyclable Sorbent for Oils and 
Organic Solvents', Advanced Functional Materials, vol. 22, no. 21, pp. 4421-5. 
 
Bi, H, Xie, X, Yin, K, Zhou, Y, Wan, S, Ruoff, RS & Sun, L 2014, 'Highly enhanced 
performance of spongy graphene as an oil sorbent', Journal of Materials Chemistry A, 
vol. 2, no. 6, pp. 1652-6. 
 
Biswas, C & Lee, YH 2011, 'Graphene versus carbon nanotubes in electronic devices', 
Advanced Functional Materials, vol. 21, no. 20, pp. 3806-26. 
 
Blanksby, SJ & Ellison, GB 2003, 'Bond Dissociation Energies of Organic Molecules', 
 132 
 
Accounts of Chemical Research, vol. 36, no. 4, pp. 255-63. 
 
Boland, CS, Khan, U, Backes, C, O’Neill, A, McCauley, J, Duane, S, Shanker, R, Liu, 
Y, Jurewicz, I, Dalton, AB & Coleman, JN 2014, 'Sensitive, High-Strain, High-Rate 
Bodily Motion Sensors Based on Graphene–Rubber Composites', ACS Nano, vol. 8, 
no. 9, pp. 8819-30. 
 
Borowski, T 2008, 'Synthesis and conductivity of natural rubber, butadiene rubber and 
butadiene-co-styrene rubber solutions containing NaClO4 and active carbon', Asian 
Journal of Chemistry, vol. 20, no. 7, pp. 5721-8. 
 
Bossuyt, F, Guenther, J, Löher, T, Seckel, M, Sterken, T & De Vries, J 2011, 'Cyclic 
endurance reliability of stretchable electronic substrates', Microelectronics Reliability, 
vol. 51, no. 3, pp. 628-35. 
 
Brodie, BC 1859, 'On the Atomic Weight of Graphite', Philosophical Transactions of 
the Royal Society of London, vol. 149, pp. 249-59. 
 
Brownson, DAC & Banks, CE 2010, 'Graphene electrochemistry: an overview of 
potential applications', Analyst, vol. 135, no. 11, pp. 2768-78. 
 
Brownson, DAC, Figueiredo-Filho, LCS, Ji, X, Gomez-Mingot, M, Iniesta, J, 
Fatibello-Filho, O, Kampouris, DK & Banks, CE 2013, 'Freestanding three-
dimensional graphene foam gives rise to beneficial electrochemical signatures within 
non-aqueous media', Journal of Materials Chemistry A, vol. 1, no. 19, pp. 5962-72. 
 
Brownson, DAC, Kampouris, DK & Banks, CE 2011, 'An overview of graphene in 
energy production and storage applications', Journal of Power Sources, vol. 196, no. 
11, pp. 4873-85. 
 
Bryning, MB, Milkie, DE, Islam, MF, Hough, LA, Kikkawa, JM & Yodh, AG 2007, 
'Carbon Nanotube Aerogels', Advanced Materials, vol. 19, no. 5, pp. 661-4. 
 
Cairns, DR, II, RPW, Sparacin, DK, Sachsman, SM, Paine, DC, Crawford, GP & 
Newton, RR 2000, 'Strain-dependent electrical resistance of tin-doped indium oxide 
on polymer substrates', Applied Physics Letters, vol. 76, no. 11, pp. 1425-7. 
 
Cao, X, Shi, Y, Shi, W, Lu, G, Huang, X, Yan, Q, Zhang, Q & Zhang, H 2011, 
'Preparation of Novel 3D Graphene Networks for Supercapacitor Applications', Small, 
vol. 7, no. 22, pp. 3163-8. 
 
Cerda, E, Ravi-Chandar, K & Mahadevan, L 2002, 'Thin films: Wrinkling of an elastic 
sheet under tension', Nature, vol. 419, no. 6907, pp. 579-80. 
 
Chen, D, Tang, L & Li, J 2010, 'Graphene-based materials in electrochemistry', 
Chemical Society Reviews, vol. 39, no. 8, pp. 3157-80. 
 
Chen, M, Tao, T, Zhang, L, Gao, W & Li, C 2013a, 'Highly conductive and stretchable 
polymer composites based on graphene/MWCNT network', Chemical 
Communications, vol. 49, no. 16, pp. 1612-4. 
 
Chen, M, Zhang, L, Duan, S, Jing, S, Jiang, H & Li, C 2014, 'Highly Stretchable 
 133 
 
Conductors Integrated with a Conductive Carbon Nanotube/Graphene Network and 
3D Porous Poly(dimethylsiloxane)', Advanced Functional Materials, vol. 24, no. 47, 
pp. 7548-56. 
 
Chen, N & Pan, Q 2013, 'Versatile Fabrication of Ultralight Magnetic Foams and 
Application for Oil–Water Separation', ACS Nano, vol. 7, no. 8, pp. 6875-83. 
 
Chen, S, Chen, P & Wang, Y 2011, 'Carbon nanotubes grown in situ on graphene 
nanosheets as superior anodes for Li-ion batteries', Nanoscale, vol. 3, no. 10, pp. 4323-
9. 
 
Chen, W, Li, S, Chen, C & Yan, L 2011a, 'Self-Assembly and Embedding of 
Nanoparticles by In Situ Reduced Graphene for Preparation of a 3D 
Graphene/Nanoparticle Aerogel', Advanced Materials, vol. 23, no. 47, pp. 5679-83. 
 
Chen, W, Yan, L & Bangal, PR 2010, 'Preparation of graphene by the rapid and mild 
thermal reduction of graphene oxide induced by microwaves', Carbon, vol. 48, no. 4, 
pp. 1146-52. 
 
Chen, W, Zhu, Z, Li, S, Chen, C & Yan, L 2012, 'Efficient preparation of highly 
hydrogenated graphene and its application as a high-performance anode material for 
lithium ion batteries', Nanoscale, vol. 4, no. 6, pp. 2124-9. 
 
Chen, Y, Vedala, H, Kotchey, GP, Audfray, A, Cecioni, S, Imberty, A, Vidal, S & Star, 
A 2011b, 'Electronic Detection of Lectins Using Carbohydrate-Functionalized 
Nanostructures: Graphene versus Carbon Nanotubes', ACS Nano. 
 
Chen, Y, Xu, Y, Zhao, K, Wan, X, Deng, J & Yan, W 2010, 'Towards flexible all-
carbon electronics: Flexible organic field-effect transistors and inverter circuits using 
solution-processed all-graphene source/drain/gate electrodes', Nano Research, vol. 3, 
no. 10, pp. 714-21. 
 
Chen, Z, Ren, W, Gao, L, Liu, B, Pei, S & Cheng, H-M 2011c, 'Three-dimensional 
flexible and conductive interconnected graphene networks grown by chemical vapour 
deposition', Nat Mater, vol. 10, no. 6, pp. 424-8. 
 
Chen, Z, Xu, C, Ma, C, Ren, W & Cheng, H-M 2013b, 'Lightweight and Flexible 
Graphene Foam Composites for High-Performance Electromagnetic Interference 
Shielding', Advanced Materials, vol. 25, no. 9, pp. 1296-300. 
 
Cheng, Q, Tang, J, Ma, J, Zhang, H, Shinya, N & Qin, L-C 2011, 'Graphene and carbon 
nanotube composite electrodes for supercapacitors with ultra-high energy density', 
Physical Chemistry Chemical Physics, vol. 13, no. 39, pp. 17615-24. 
 
Cheng, S, Rydberg, A, Hjort, K & Wu, Z 2009, 'Liquid metal stretchable unbalanced 
loop antenna', Applied Physics Letters, vol. 94, no. 14, p. 144103. 
 
Choi, S-J, Kwon, T-H, Im, H, Moon, D-I, Baek, DJ, Seol, M-L, Duarte, JP & Choi, Y-
K 2011, 'A Polydimethylsiloxane (PDMS) Sponge for the Selective Absorption of Oil 
from Water', ACS Applied Materials & Interfaces, vol. 3, no. 12, pp. 4552-6. 
 
Choi, W, Lahiri, I, Seelaboyina, R & Kang, YS 2010, 'Synthesis of Graphene and Its 
 134 
 
Applications: A Review', Critical Reviews in Solid State and Materials Sciences, vol. 
35, no. 1, pp. 52-71. 
 
Chua, CK, Ambrosi, A & Pumera, M 2012, 'Graphene oxide reduction by standard 
industrial reducing agent: thiourea dioxide', Journal of Materials Chemistry, vol. 22, 
no. 22, pp. 11054-61. 
 
Chua, CK & Pumera, M 2014, 'Chemical reduction of graphene oxide: a synthetic 
chemistry viewpoint', Chemical Society Reviews. 
 
Compton, OC, Kim, S, Pierre, C, Torkelson, JM & Nguyen, ST 2010, 'Crumpled 
Graphene Nanosheets as Highly Effective Barrier Property Enhancers', Advanced 
Materials, vol. 22, no. 42, pp. 4759-63. 
 
Cong, H-P, Ren, X-C, Wang, P & Yu, S-H 2012, 'Macroscopic Multifunctional 
Graphene-Based Hydrogels and Aerogels by a Metal Ion Induced Self-Assembly 
Process', ACS Nano. 
 
Cote, LJ, Cruz-Silva, R & Huang, J 2009, 'Flash Reduction and Patterning of Graphite 
Oxide and Its Polymer Composite', Journal of the American Chemical Society, vol. 
131, no. 31, pp. 11027-32. 
 
De Heer, WA, Berger, C, Wu, X, Sprinkle, M, Hu, Y, Ruan, M, Stroscio, JA, First, 
PN, Haddon, R, Piot, B, Faugeras, C, Potemski, M & Moon, JS 2010, 'Epitaxial 
graphene electronic structure and transport', Journal of Physics D: Applied Physics, 
vol. 43, no. 37. 
 
De, S, Lyons, PE, Sorel, S, Doherty, EM, King, PJ, Blau, WJ, Nirmalraj, PN, Boland, 
JJ, Scardaci, V, Joimel, J & Coleman, JN 2009, 'Transparent, flexible, and highly 
conductive thin films based on Polymer-nanotube composites', ACS Nano, vol. 3, no. 
3, pp. 714-20. 
 
Dey, RS, Hajra, S, Sahu, RK, Raj, CR & Panigrahi, MK 2012, 'A rapid room 
temperature chemical route for the synthesis of graphene: metal-mediated reduction of 
graphene oxide', Chemical Communications, vol. 48, no. 12, pp. 1787-9. 
 
Dong, X, Chen, J, Ma, Y, Wang, J, Chan-Park, MB, Liu, X, Wang, L, Huang, W & 
Chen, P 2012a, 'Superhydrophobic and superoleophilic hybrid foam of graphene and 
carbon nanotube for selective removal of oils or organic solvents from the surface of 
water', Chemical Communications, vol. 48, no. 86, pp. 10660-2. 
 
Dong, X, Ma, Y, Zhu, G, Huang, Y, Wang, J, Chan-Park, MB, Wang, L, Huang, W & 
Chen, P 2012b, 'Synthesis of graphene-carbon nanotube hybrid foam and its use as a 
novel three-dimensional electrode for electrochemical sensing', Journal of Materials 
Chemistry, vol. 22, no. 33, pp. 17044-8. 
 
Dong, X, Su, C-Y, Zhang, W, Zhao, J, Ling, Q, Huang, W, Chen, P & Li, L-J 2010, 
'Ultra-large single-layer graphene obtained from solution chemical reduction and its 
electrical properties', Physical Chemistry Chemical Physics, vol. 12, no. 9, pp. 2164-
9. 
 
Dong, X, Wang, X, Wang, L, Song, H, Zhang, H, Huang, W & Chen, P 2012c, '3D 
 135 
 
Graphene Foam as a Monolithic and Macroporous Carbon Electrode for 
Electrochemical Sensing', ACS Applied Materials & Interfaces, vol. 4, no. 6, pp. 3129-
33. 
 
Dubois, SMM, Zanolli, Z, Declerck, X & Charlier, JC 2009, 'Electronic properties and 
quantum transport in Graphene-based nanostructures', European Physical Journal B, 
vol. 72, no. 1, pp. 1-24. 
 
Dumée, LF, Feng, C, He, L, Allioux, F-M, Yi, Z, Gao, W, Banos, C, Davies, JB & 
Kong, L 2014a, 'Tuning the grade of graphene: Gamma ray irradiation of free-standing 
graphene oxide films in gaseous phase', Applied Surface Science, vol. 322, no. 0, pp. 
126-35. 
 
Dumée, LF, Feng, C, He, L, Yi, Z, She, F, Peng, Z, Gao, W, Banos, C, Davies, JB, 
Huynh, C, Hawkins, S, Duke, MC, Gray, S, Hodgson, PD & Kong, L 2014b, 'Single 
step preparation of meso-porous and reduced graphene oxide by gamma-ray 
irradiation in gaseous phase', Carbon, vol. 70, no. 0, pp. 313-8. 
 
Eda, G, Fanchini, G & Chhowalla, M 2008a, 'Large-area ultrathin films of reduced 
graphene oxide as a transparent and flexible electronic material', Nat. Nano., vol. 3, 
no. 5, pp. 270-4. 
 
Eda, G, Fanchini, G & Chhowalla, M 2008b, 'Large-area ultrathin films of reduced 
graphene oxide as a transparent and flexible electronic material', Nat Nano, vol. 3, no. 
5, pp. 270-4. 
 
Fan, Z-L, Qin, X-J, Sun, H-X, Zhu, Z-Q, Pei, C-j, Liang, W-D, Bao, X-M, An, J, La, 
P-Q, Li, A & Deng, W-Q 2013, 'Superhydrophobic Mesoporous Graphene for 
Separation and Absorption', ChemPlusChem, vol. 78, no. 10, pp. 1282-7. 
 
Fang, Y, Guo, S, Zhu, C, Zhai, Y & Wang, E 2010, 'Self-Assembly of Cationic 
Polyelectrolyte-Functionalized Graphene Nanosheets and Gold Nanoparticles: A 
Two-Dimensional Heterostructure for Hydrogen Peroxide Sensing', Langmuir, vol. 26, 
no. 13, pp. 11277-82. 
 
Feng, C, Yi, Z, Dumée, LF, Garvey, CJ, She, F, Lin, B, Lucas, S, Schütz, J, Gao, W, 
Peng, Z & Kong, L 2015, 'Shrinkage induced stretchable micro-wrinkled reduced 
graphene oxide composite with recoverable conductivity', Carbon, vol. 93, pp. 878-
86. 
 
Fu, C-C, Grimes, A, Long, M, Ferri, CGL, Rich, BD, Ghosh, S, Ghosh, S, Lee, LP, 
Gopinathan, A & Khine, M 2009, 'Tunable Nanowrinkles on Shape Memory Polymer 
Sheets', Advanced Materials, vol. 21, no. 44, pp. 4472-6. 
 
Gómez-Navarro, C, Weitz, RT, Bittner, AM, Scolari, M, Mews, A, Burghard, M & 
Kern, K 2007, 'Electronic Transport Properties of Individual Chemically Reduced 
Graphene Oxide Sheets', Nano Letters, vol. 7, no. 11, pp. 3499-503. 
 
Gonzalez, M, Axisa, F, Bulcke, MV, Brosteaux, D, Vandevelde, B & Vanfleteren, J 
2008, 'Design of metal interconnects for stretchable electronic circuits', 
Microelectronics Reliability, vol. 48, no. 6, pp. 825-32. 
 
 136 
 
Grayfer, ED, Makotchenko, VG, Nazarov, AS, Kim, SJ & Fedorov, VE 2011, 
'Graphene: Chemical approaches to the synthesis and modification', Russian Chemical 
Reviews, vol. 80, no. 8, pp. 751-70. 
 
Griffiths, D 1999, Introduction to Electrodynamics, 3rd edn, Prentice Hall, New Jersey. 
 
Groenewold, J 2001, 'Wrinkling of plates coupled with soft elastic media', Physica A: 
Statistical Mechanics and its Applications, vol. 298, no. 1–2, pp. 32-45. 
 
Hashim, DP, Narayanan, NT, Romo-Herrera, JM, Cullen, DA, Hahm, MG, Lezzi, P, 
Suttle, JR, Kelkhoff, D, Muñoz-Sandoval, E, Ganguli, S, Roy, AK, Smith, DJ, Vajtai, 
R, Sumpter, BG, Meunier, V, Terrones, H, Terrones, M & Ajayan, PM 2012a, 
'Covalently bonded three-dimensional carbon nanotube solids via boron induced 
nanojunctions', Sci. Rep., vol. 2, p. 363. 
 
Hashim, DP, Narayanan, NT, Romo-Herrera, JM, Cullen, DA, Hahm, MG, Lezzi, P, 
Suttle, JR, Kelkhoff, D, Muñoz-Sandoval, E, Ganguli, S, Roy, AK, Smith, DJ, Vajtai, 
R, Sumpter, BG, Meunier, V, Terrones, H, Terrones, M & Ajayan, PM 2012b, 
'Covalently bonded three-dimensional carbon nanotube solids via boron induced 
nanojunctions', Sci. Rep., vol. 2. 
 
Hawaldar, R, Merino, P, Correia, MR, Bdikin, I, Grácio, J, Méndez, J, Martín-Gago, 
JA & Singh, MK 2012, 'Large-area high-throughput synthesis of monolayer graphene 
sheet by Hot Filament Thermal Chemical Vapor Deposition', Sci. Rep., vol. 2. 
 
He, H, Klinowski, J, Forster, M & Lerf, A 1998, 'A new structural model for graphite 
oxide', Chemical Physics Letters, vol. 287, no. 1–2, pp. 53-6. 
 
He, Y, Liu, Y, Wu, T, Ma, J, Wang, X, Gong, Q, Kong, W, Xing, F, Liu, Y & Gao, J 
2013, 'An environmentally friendly method for the fabrication of reduced graphene 
oxide foam with a super oil absorption capacity', Journal of Hazardous Materials, vol. 
260, no. 0, pp. 796-805. 
 
Hong, T-K, Lee, DW, Choi, HJ, Shin, HS & Kim, B-S 2010a, 'Transparent, Flexible 
Conducting Hybrid Multilayer Thin Films of Multiwalled Carbon Nanotubes with 
Graphene Nanosheets', ACS Nano, vol. 4, no. 7, pp. 3861-8. 
 
Hong, WJ, Bai, H, Xu, YX, Yao, ZY, Gu, ZZ & Shi, GQ 2010b, 'Preparation of Gold 
Nanoparticle/Graphene Composites with Controlled Weight Contents and Their 
Application in Biosensors', Journal of Physical Chemistry C, vol. 114, no. 4, pp. 1822-
6. 
 
Hsu, YY, Gonzalez, M, Bossuyt, F, Axisa, F, Vanfleteren, J & De Wolf, I 2011, 'The 
effects of encapsulation on deformation behavior and failure mechanisms of 
stretchable interconnects', Thin Solid Films, vol. 519, no. 7, pp. 2225-34. 
 
Hu, H, Liu, Y, Wang, Q, Zhao, J & Liang, Y 2011, 'A study on the preparation of 
highly conductive graphene', Materials Letters, vol. 65, no. 17–18, pp. 2582-4. 
 
Hu, H, Zhao, Z, Gogotsi, Y & Qiu, J 2014, 'Compressible Carbon Nanotube–Graphene 
Hybrid Aerogels with Superhydrophobicity and Superoleophilicity for Oil Sorption', 
Environmental Science & Technology Letters, vol. 1, no. 3, pp. 214-20. 
 137 
 
 
Hu, H, Zhao, Z, Zhou, Q, Gogotsi, Y & Qiu, J 2012, 'The role of microwave absorption 
on formation of graphene from graphite oxide', Carbon, vol. 50, no. 9, pp. 3267-73. 
 
Hu, L, Yuan, W, Brochu, P, Gruner, G & Pei, Q 2009, 'Highly stretchable, conductive, 
and transparent nanotube thin films', Applied Physics Letters, vol. 94, no. 16. 
 
Huang, B, Li, Z, Liu, Z, Zhou, G, Hao, S, Wu, J, Gu, B-L & Duan, W 2008, 'Adsorption 
of Gas Molecules on Graphene Nanoribbons and Its Implication for Nanoscale 
Molecule Sensor', The Journal of Physical Chemistry C, vol. 112, no. 35, pp. 13442-
6. 
 
Hummers, WS & Offeman, RE 1958, 'Preparation of Graphitic Oxide', Journal of the 
American Chemical Society, vol. 80, no. 6, pp. 1339-. 
 
Huyghe, B, Rogier, H, Vanfleteren, J & Axisa, F 2008, 'Design and manufacturing of 
stretchable high-frequency interconnects', IEEE Transactions on Advanced Packaging, 
vol. 31, no. 4, pp. 802-8. 
 
Hyun-Joong, K, Maleki, T, Pinghung, W & Ziaie, B 2009, 'A Biaxial Stretchable 
Interconnect With Liquid-Alloy-Covered Joints on Elastomeric Substrate', 
Microelectromechanical Systems, Journal of, vol. 18, no. 1, pp. 138-46. 
 
Ibrahim, I, Bachmatiuk, A, Warner, JH, Büchner, B, Cuniberti, G & Rümmeli, MH 
2012, 'CVD-Grown Horizontally Aligned Single-Walled Carbon Nanotubes: 
Synthesis Routes and Growth Mechanisms', Small, pp. n/a-n/a. 
 
Iqbal, M & Abdala, A 2013, 'Oil spill cleanup using graphene', Environmental Science 
and Pollution Research, vol. 20, no. 5, pp. 3271-9. 
 
Ismach, A, Druzgalski, C, Penwell, S, Schwartzberg, A, Zheng, M, Javey, A, Bokor, 
J & Zhang, Y 2010, 'Direct Chemical Vapor Deposition of Graphene on Dielectric 
Surfaces', Nano Letters, vol. 10, no. 5, pp. 1542-8. 
 
Jain, K, Klosner, M, Zemel, M & Raghunandan, S 2005, 'Flexible Electronics and 
Displays: High-Resolution, Roll-to-Roll, Projection Lithography and Photoablation 
Processing Technologies for High-Throughput Production', Proceedings of the IEEE, 
vol. 93, no. 8, pp. 1500-10. 
 
Jang, J, Oh, JH & Li, XL 2004, 'A novel synthesis of nanocapsules using identical 
polymer core/shell nanospheres', Journal of Materials Chemistry, vol. 14, no. 19, pp. 
2872-80. 
 
Jeong, HK, Noh, HJ, Kim, JY, Jin, MH, Park, CY & Lee, YH 2008, 'X-ray absorption 
spectroscopy of graphite oxide', EPL (Europhysics Letters), vol. 82, no. 6, p. 67004. 
 
Ji, T, Hua, Y, Sun, M & Ma, N 2013, 'The mechanism of the reaction of graphite oxide 
to reduced graphene oxide under ultraviolet irradiation', Carbon, vol. 54, no. 0, pp. 
412-8. 
 
Ji, Z, Doorn, SK & Sykora, M 2015, 'Electrochromic graphene molecules', ACS Nano, 
vol. 9, no. 4, pp. 4043-9. 
 138 
 
 
Jiang, K, Wang, J, Li, Q, Liu, L, Liu, C & Fan, S 2011, 'Superaligned Carbon Nanotube 
Arrays, Films, and Yarns: A Road to Applications', Advanced Materials, vol. 23, no. 
9, pp. 1154-61. 
 
Jiang, L & Fan, Z 2014, 'Design of advanced porous graphene materials: from 
graphene nanomesh to 3D architectures', Nanoscale, vol. 6, no. 4, pp. 1922-45. 
 
Kang, SM, Park, S, Kim, D, Park, SY, Ruoff, RS & Lee, H 2011, 'Simultaneous 
Reduction and Surface Functionalization of Graphene Oxide by Mussel-Inspired 
Chemistry', Advanced Functional Materials, vol. 21, no. 1, pp. 108-12. 
 
Karim, MR, Hatakeyama, K, Matsui, T, Takehira, H, Taniguchi, T, Koinuma, M, 
Matsumoto, Y, Akutagawa, T, Nakamura, T, Noro, S-i, Yamada, T, Kitagawa, H & 
Hayami, S 2013, 'Graphene Oxide Nanosheet with High Proton Conductivity', Journal 
of the American Chemical Society, vol. 135, no. 22, pp. 8097-100. 
 
Kholmanov, IN, Magnuson, CW, Aliev, AE, Li, H, Zhang, B, Suk, JW, Zhang, LL, 
Peng, E, Mousavi, SH, Khanikaev, AB, Piner, R, Shvets, G & Ruoff, RS 2012, 
'Improved Electrical Conductivity of Graphene Films Integrated with Metal 
Nanowires', Nano Letters, vol. 12, no. 11, pp. 5679-83. 
 
Kim, D-H, Liu, Z, Kim, Y-S, Wu, J, Song, J, Kim, H-S, Huang, Y, Hwang, K-c, Zhang, 
Y & Rogers, JA 2009a, 'Optimized Structural Designs for Stretchable Silicon 
Integrated Circuits', Small, vol. 5, no. 24, pp. 2841-7. 
 
Kim, D-H & Rogers, JA 2008, 'Stretchable Electronics: Materials Strategies and 
Devices', Advanced Materials, vol. 20, no. 24, pp. 4887-92. 
 
Kim, H, Abdala, AA & MacOsko, CW 2010, 'Graphene/polymer nanocomposites', 
Macromolecules, vol. 43, no. 16, pp. 6515-30. 
 
Kim, KH, Vural, M & Islam, MF 2011, 'Single-walled carbon nanotube aerogel-based 
elastic conductors', Advanced Materials, vol. 23, no. 25, pp. 2865-9. 
 
Kim, KS, Zhao, Y, Jang, H, Lee, SY, Kim, JM, Kim, KS, Ahn, J-H, Kim, P, Choi, J-
Y & Hong, BH 2009b, 'Large-scale pattern growth of graphene films for stretchable 
transparent electrodes', Nature, vol. 457, no. 7230, pp. 706-10. 
 
Kim, T, Kim, H, Kwon, SW, Kim, Y, Park, WK, Yoon, DH, Jang, AR, Shin, HS, Suh, 
KS & Yang, WS 2012, 'Large-Scale Graphene Micropatterns via Self-Assembly-
Mediated Process for Flexible Device Application', Nano Letters, vol. 12, no. 2, pp. 
743-8. 
 
Kim, Y-J, Cha, JY, Ham, H, Huh, H, So, D-S & Kang, I 2011, 'Preparation of 
piezoresistive nano smart hybrid material based on graphene', Current Applied Physics, 
vol. 11, no. 1, Supplement, pp. S350-S2. 
 
Kim, Y, Zhu, J, Yeom, B, Di Prima, M, Su, X, Kim, J-G, Yoo, SJ, Uher, C & Kotov, 
NA 2013, 'Stretchable nanoparticle conductors with self-organized conductive 
pathways', Nature, vol. 500, no. 7460, pp. 59-63. 
 
 139 
 
Koenig, FTaJL 1970, 'Raman Spectrum of Graphite', The Journal of Chemical Physics, 
vol. 53, no. 3, pp. 1126-30. 
 
Kong, J-Y, Choi, M-C, Kim, GY, Park, JJ, Selvaraj, M, Han, M & Ha, C-S 2012, 
'Preparation and properties of polyimide/graphene oxide nanocomposite films with Mg 
ion crosslinker', European Polymer Journal, vol. 48, no. 8, pp. 1394-405. 
 
Krishnan, D, Kim, F, Luo, J, Cruz-Silva, R, Cote, LJ, Jang, HD & Huang, J 2012, 
'Energetic graphene oxide: Challenges and opportunities', Nano Today, vol. 7, no. 2, 
pp. 137-52. 
 
Kuilla, T, Bhadra, S, Yao, D, Kim, NH, Bose, S & Lee, JH 2010, 'Recent advances in 
graphene based polymer composites', Progress in Polymer Science, vol. 35, no. 11, pp. 
1350-75. 
 
Lee, D, Lee, H, Ahn, Y & Lee, Y 2015, 'High-performance flexible transparent 
conductive film based on graphene/AgNW/graphene sandwich structure', Carbon, vol. 
81, pp. 439-46. 
 
Lee, DH, Kim, JE, Han, TH, Hwang, JW, Jeon, S, Choi, S-Y, Hong, SH, Lee, WJ, 
Ruoff, RS & Kim, SO 2010a, 'Versatile Carbon Hybrid Films Composed of Vertical 
Carbon Nanotubes Grown on Mechanically Compliant Graphene Films', Advanced 
Materials, vol. 22, no. 11, pp. 1247-52. 
 
Lee, DW, De Los Santos V, L, Seo, JW, Felix, LL, Bustamante D, A, Cole, JM & 
Barnes, CHW 2010b, 'The Structure of Graphite Oxide: Investigation of Its Surface 
Chemical Groups', The Journal of Physical Chemistry B, vol. 114, no. 17, pp. 5723-8. 
 
Lee, J, Kim, S, Lee, J, Yang, D, Park, BC, Ryu, S & Park, I 2014, 'A stretchable strain 
sensor based on a metal nanoparticle thin film for human motion detection', Nanoscale, 
vol. 6, no. 20, pp. 11932-9. 
 
Lee, S-B, Kim, I & Park, T-S 2008, 'Fatigue and fracture assessment for reliability in 
electronics packaging', International Journal of Fracture, vol. 150, no. 1-2, pp. 91-
104. 
 
Lee, S, Kim, Y-J, Kim, D-H, Ku, B-C & Joh, H-I 2012, 'Synthesis and properties of 
thermally reduced graphene oxide/polyacrylonitrile composites', Journal of Physics 
and Chemistry of Solids, vol. 73, no. 6, pp. 741-3. 
 
Lerf, A, He, H, Forster, M & Klinowski, J 1998, 'Structure of Graphite Oxide 
Revisitedý', The Journal of Physical Chemistry B, vol. 102, no. 23, pp. 4477-82. 
 
Li, D, Muller, MB, Gilje, S, Kaner, RB & Wallace, GG 2008, 'Processable aqueous 
dispersions of graphene nanosheets', Nat Nano, vol. 3, no. 2, pp. 101-5. 
 
Li, H, Liu, L & Yang, F 2013, 'Covalent assembly of 3D graphene/polypyrrole foams 
for oil spill cleanup', Journal of Materials Chemistry A, vol. 1, no. 10, pp. 3446-53. 
 
Li, J, Li, J, Meng, H, Xie, S, Zhang, B, Li, L, Ma, H, Zhang, J & Yu, M 2014a, 'Ultra-
light, compressible and fire-resistant graphene aerogel as a highly efficient and 
recyclable absorbent for organic liquids', Journal of Materials Chemistry A, vol. 2, no. 
 140 
 
9, pp. 2934-41. 
 
Li, R, Chen, C, Li, J, Xu, L, Xiao, G & Yan, D 2014b, 'A facile approach to 
superhydrophobic and superoleophilic graphene/polymer aerogels', Journal of 
Materials Chemistry A, vol. 2, no. 9, pp. 3057-64. 
 
Li, X, Magnuson, CW, Venugopal, A, Tromp, RM, Hannon, JB, Vogel, EM, Colombo, 
L & Ruoff, RS 2011a, 'Large-Area Graphene Single Crystals Grown by Low-Pressure 
Chemical Vapor Deposition of Methane on Copper', Journal of the American 
Chemical Society, vol. 133, no. 9, pp. 2816-9. 
 
Li, X, Zhang, R, Yu, W, Wang, K, Wei, J, Wu, D, Cao, A, Li, Z, Cheng, Y, Zheng, Q, 
Ruoff, RS & Zhu, H 2012, 'Stretchable and highly sensitive graphene-on-polymer 
strain sensors', Sci. Rep., vol. 2. 
 
Li, Y & Shimizu, H 2009, 'Toward a Stretchable, Elastic, and Electrically Conductive 
Nanocomposite: Morphology and Properties of Poly[styrene-b-(ethylene-co-
butylene)-b-styrene]/Multiwalled Carbon Nanotube Composites Fabricated by High-
Shear Processing', Macromolecules, vol. 42, no. 7, pp. 2587-93. 
 
Li, Z, Kinloch, IA, Young, RJ, Novoselov, KS, Anagnostopoulos, G, Parthenios, J, 
Galiotis, C, Papagelis, K, Lu, C-Y & Britnell, L 2015, 'Deformation of Wrinkled 
Graphene', ACS Nano, vol. 9, no. 4, pp. 3917-25. 
 
Li, Z, Wang, J, Liu, X, Liu, S, Ou, J & Yang, S 2011b, 'Electrostatic layer-by-layer 
self-assembly multilayer films based on graphene and manganese dioxide sheets as 
novel electrode materials for supercapacitors', Journal of Materials Chemistry, vol. 21, 
no. 10, pp. 3397-403. 
 
Li, ZQ, Lu, CJ, Xia, ZP, Zhou, Y & Luo, Z 2007, 'X-ray diffraction patterns of graphite 
and turbostratic carbon', Carbon, vol. 45, no. 8, pp. 1686-95. 
 
Lin, J, Peng, Z, Xiang, C, Ruan, G, Yan, Z, Natelson, D & Tour, JM 2013, 'Graphene 
Nanoribbon and Nanostructured SnO2 Composite Anodes for Lithium Ion Batteries', 
ACS Nano. 
 
Liu, K, Sun, Y, Liu, P, Lin, X, Fan, S & Jiang, K 2011, 'Cross-stacked superaligned 
carbon nanotube films for transparent and stretchable conductors', Advanced 
Functional Materials, vol. 21, no. 14, pp. 2721-8. 
 
Liu, Y, Ma, J, Wu, T, Wang, X, Huang, G, Liu, Y, Qiu, H, Li, Y, Wang, W & Gao, J 
2013, 'Cost-Effective Reduced Graphene Oxide-Coated Polyurethane Sponge As a 
Highly Efficient and Reusable Oil-Absorbent', ACS Applied Materials & Interfaces, 
vol. 5, no. 20, pp. 10018-26. 
 
Long, J, Fang, M & Chen, G 2011, 'Microwave-assisted rapid synthesis of water-
soluble graphene', Journal of Materials Chemistry, vol. 21, no. 28, pp. 10421-5. 
 
Lu, T, Pan, L, Nie, C, Zhao, Z & Sun, Z 2011, 'A green and fast way for reduction of 
graphene oxide in acidic aqueous solution via microwave assistance', Physica Status 
Solidi (A) Applications and Materials Science, vol. 208, no. 10, pp. 2325-7. 
 
 141 
 
Lubkowski, G, Kuhnhenn, J, Suhrke, M, Weinand, U, Endler, I, Meibner, F & Richter, 
S 2012, 'Gamma Radiation Effects in Vertically Aligned Carbon Nanotubes', Nuclear 
Science, IEEE Transactions on, vol. 59, no. 4, pp. 792-6. 
 
Luo, J, Jang, HD, Sun, T, Xiao, L, He, Z, Katsoulidis, AP, Kanatzidis, MG, Gibson, 
JM & Huang, J 2011, 'Compression and Aggregation-Resistant Particles of Crumpled 
Soft Sheets', ACS Nano, vol. 5, no. 11, pp. 8943-9. 
 
Luo, J, Zhao, X, Wu, J, Jang, HD, Kung, HH & Huang, J 2012, 'Crumpled Graphene-
Encapsulated Si Nanoparticles for Lithium Ion Battery Anodes', The Journal of 
Physical Chemistry Letters, vol. 3, no. 13, pp. 1824-9. 
 
Ma, Z 2011, 'An Electronic Second Skin', Science, vol. 333, no. 6044, pp. 830-1. 
 
Marcano, DC, Kosynkin, DV, Berlin, JM, Sinitskii, A, Sun, Z, Slesarev, A, Alemany, 
LB, Lu, W & Tour, JM 2010, 'Improved synthesis of graphene oxide', ACS Nano, vol. 
4, no. 8, pp. 4806-14. 
 
Marmur, A 2003, 'Wetting on Hydrophobic Rough Surfaces:  To Be Heterogeneous or 
Not To Be?', Langmuir, vol. 19, no. 20, pp. 8343-8. 
 
Martinez, A, Fuse, K & Yamashita, S 2011, 'Mechanical exfoliation of graphene for 
the passive mode-locking of fiber lasers', Applied Physics Letters, vol. 99, no. 12. 
 
McAllister, MJ, Li, J-L, Adamson, DH, Schniepp, HC, Abdala, AA, Liu, J, Herrera-
Alonso, M, Milius, DL, Car, R, Prud'homme, RK & Aksay, IA 2007, 'Single Sheet 
Functionalized Graphene by Oxidation and Thermal Expansion of Graphite', 
Chemistry of Materials, vol. 19, no. 18, pp. 4396-404. 
 
Merilampi, S, Björninen, T, Haukka, V, Ruuskanen, P, Ukkonen, L & Sydänheimo, L 
2010, 'Analysis of electrically conductive silver ink on stretchable substrates under 
tensile load', Microelectronics Reliability, vol. 50, no. 12, pp. 2001-11. 
 
Mhamane, D, Unni, SM, Suryawanshi, A, Game, O, Rode, C, Hannoyer, B, Kurungot, 
S & Ogale, S 2012, 'Trigol based reduction of graphite oxide to graphene with 
enhanced charge storage activity', Journal of Materials Chemistry, vol. 22, no. 22, pp. 
11140-5. 
 
Mustafaev, RI, Umudov, TA, Sadykh-Zade, SI & Nikishin, GI 1969, 'Free radical 
addition of carboxylic esters to unsaturated epoxy compounds', Bulletin of the 
Academy of Sciences of the USSR, Division of chemical science, vol. 18, no. 10, pp. 
2143-5. 
 
Muszynski, R, Seger, B & Kamat, PV 2008, 'Decorating Graphene Sheets with Gold 
Nanoparticles', The Journal of Physical Chemistry C, vol. 112, no. 14, pp. 5263-6. 
 
Nardecchia, S, Carriazo, D, Ferrer, ML, Gutierrez, MC & del Monte, F 2013, 'Three 
dimensional macroporous architectures and aerogels built of carbon nanotubes and/or 
graphene: synthesis and applications', Chemical Society Reviews, vol. 42, no. 2, pp. 
794-830. 
 
Negishi, R, Hirano, H, Ohno, Y, Maehashi, K, Matsumoto, K & Kobayashi, Y 2011, 
 142 
 
'Layer-by-layer growth of graphene layers on graphene substrates by chemical vapor 
deposition', Thin Solid Films, vol. 519, no. 19, pp. 6447-52. 
 
Nguyen, DD, Tai, N-H, Lee, S-B & Kuo, W-S 2012a, 'Superhydrophobic and 
superoleophilic properties of graphene-based sponges fabricated using a facile dip 
coating method', Energy & Environmental Science, vol. 5, no. 7, pp. 7908-12. 
 
Nguyen, DD, Tai, NH, Chen, SY & Chueh, YL 2012b, 'Controlled growth of carbon 
nanotube-graphene hybrid materials for flexible and transparent conductors and 
electron field emitters', Nanoscale, vol. 4, no. 2, pp. 632-8. 
 
Niu, Z, Chen, J, Hng, HH, Ma, J & Chen, X 2012, 'A Leavening Strategy to Prepare 
Reduced Graphene Oxide Foams', Advanced Materials, vol. 24, no. 30, pp. 4144-50. 
 
Novoselov, KS, Geim, AK, Morozov, SV, Jiang, D, Zhang, Y, Dubonos, SV, 
Grigorieva, IV & Firsov, AA 2004, 'Electric Field Effect in Atomically Thin Carbon 
Films', Science, vol. 306, no. 5696, pp. 666-9. 
 
Ovid'ko, I 2013, 'Mechanical properties of graphene', Reviews on Advanced Materials 
Science, vol. 34, pp. 1-11. 
 
Pao, Y-H 1962, 'Dynamical Stress Concentration in an Elastic Plate', Journal of 
Applied Mechanics, vol. 29, no. 2, pp. 299-305. 
 
Paredes, JI, Villar-Rodil, S, Martı́nez-Alonso, A & Tascón, JMD 2008, 'Graphene 
Oxide Dispersions in Organic Solvents', Langmuir, vol. 24, no. 19, pp. 10560-4. 
 
Park, JW & Jang, J 2015, 'Fabrication of graphene/free-standing nanofibrillar 
PEDOT/P(VDF-HFP) hybrid device for wearable and sensitive electronic skin 
application', Carbon, vol. 87, pp. 275-81. 
 
Park, O-K, Hahm, MG, Lee, S, Joh, H-I, Na, S-I, Vajtai, R, Lee, JH, Ku, B-C & Ajayan, 
PM 2012, 'In Situ Synthesis of Thermochemically Reduced Graphene Oxide 
Conducting Nanocomposites', Nano Letters. 
 
Pei, S & Cheng, H-M 2012a, 'The reduction of graphene oxide', Carbon, vol. 50, no. 
9, pp. 3210-28. 
 
Pei, S & Cheng, HM 2012b, 'The reduction of graphene oxide', Carbon, vol. 50, no. 9, 
pp. 3210-28. 
 
Peng, X, James, L, Roger, DB & Balaji, P 2012, 'Load transfer and mechanical 
properties of chemically reduced graphene reinforcements in polymer composites', 
Nanotechnology, vol. 23, no. 50, p. 505713. 
 
Pham, VH, Pham, HD, Dang, TT, Hur, SH, Kim, EJ, Kong, BS, Kim, S & Chung, JS 
2012, 'Chemical reduction of an aqueous suspension of graphene oxide by nascent 
hydrogen', Journal of Materials Chemistry, vol. 22, no. 21, pp. 10530-6. 
 
Rana, K, Singh, J & Ahn, J-H 2014, 'A graphene-based transparent electrode for use 
in flexible optoelectronic devices', Journal of Materials Chemistry C, vol. 2, no. 15, 
pp. 2646-56. 
 143 
 
 
Rao, CNR, Sood, AK, Subrahmanyam, KS & Govindaraj, A 2009, 'Graphene: The 
new two-dimensional nanomaterial', Angewandte Chemie - International Edition, vol. 
48, no. 42, pp. 7752-77. 
 
Rawson, FJ, Yeung, CL, Jackson, SK & Mendes, PM 2012, 'Tailoring 3D Single-
Walled Carbon Nanotubes Anchored to Indium Tin Oxide for Natural Cellular Uptake 
and Intracellular Sensing', Nano Letters. 
 
Rogers, JA, Someya, T & Huang, Y 2010, 'Materials and Mechanics for Stretchable 
Electronics', Science, vol. 327, no. 5973, pp. 1603-7. 
 
Rout, CS, Kumar, A, Fisher, TS, Gautam, UK, Bando, Y & Golberg, D 2012, 
'Synthesis of chemically bonded CNT-graphene heterostructure arrays', RSC Advances, 
vol. 2, no. 22, pp. 8250-3. 
 
Routh, P, Layek, RK & Nandi, AK 2012, 'Negative differential resistance and 
improved optoelectronic properties in Ag nanoparticles-decorated graphene oxide–
riboflavin hybrids', Carbon, vol. 50, no. 10, pp. 3422-34. 
 
Sandler, JKW, Kirk, JE, Kinloch, IA, Shaffer, MSP & Windle, AH 2003, 'Ultra-low 
electrical percolation threshold in carbon-nanotube-epoxy composites', Polymer, vol. 
44, no. 19, pp. 5893-9. 
 
Schniepp, HC, Li, J-L, McAllister, MJ, Sai, H, Herrera-Alonso, M, Adamson, DH, 
Prud'homme, RK, Car, R, Saville, DA & Aksay, IA 2006, 'Functionalized Single 
Graphene Sheets Derived from Splitting Graphite Oxide', The Journal of Physical 
Chemistry B, vol. 110, no. 17, pp. 8535-9. 
 
Sekitani, T, Nakajima, H, Maeda, H, Fukushima, T, Aida, T, Hata, K & Someya, T 
2009, 'Stretchable active-matrix organic light-emitting diode display using printable 
elastic conductors', Nature Materials, vol. 8, no. 6, pp. 494-9. 
 
Sekitani, T, Noguchi, Y, Hata, K, Fukushima, T, Aida, T & Someya, T 2008, 'A 
rubberlike stretchable active matrix using elastic conductors', Science, vol. 321, no. 
5895, pp. 1468-72. 
 
Sekitani, T & Someya, T 2010, 'Stretchable, large-area organic electronics', Advanced 
Materials, vol. 22, no. 20, pp. 2228-46. 
 
Sengupta, R, Bhattacharya, M, Bandyopadhyay, S & Bhowmick, AK 2011, 'A review 
on the mechanical and electrical properties of graphite and modified graphite 
reinforced polymer composites', Progress in Polymer Science, vol. 36, no. 5, pp. 638-
70. 
 
Serway, R 1998, Principles of Physics, 2nd edn, Saunders College Pulication, London. 
 
Shao, G, Lu, Y, Wu, F, Yang, C, Zeng, F & Wu, Q 2012, 'Graphene oxide: The 
mechanisms of oxidation and exfoliation', Journal of Materials Science, vol. 47, no. 
10, pp. 4400-9. 
 
Shao, Y, Wang, J, Wu, H, Liu, J, Aksay, IA & Lin, Y 2010, 'Graphene Based 
 144 
 
Electrochemical Sensors and Biosensors: A Review', Electroanalysis, vol. 22, no. 10, 
pp. 1027-36. 
 
Shin, MK, Oh, J, Lima, M, Kozlov, ME, Kim, SJ & Baughman, RH 2010, 'Elastomeric 
Conductive Composites Based on Carbon Nanotube Forests', Advanced Materials, vol. 
22, no. 24, pp. 2663-7. 
 
Singh, V, Joung, D, Zhai, L, Das, S, Khondaker, SI & Seal, S 2011, 'Graphene based 
materials: Past, present and future', Progress in Materials Science, vol. 56, no. 8, pp. 
1178-271. 
 
Sohn, K, Joo Na, Y, Chang, H, Roh, K-M, Dong Jang, H & Huang, J 2012, 'Oil 
absorbing graphene capsules by capillary molding', Chemical Communications, vol. 
48, no. 48, pp. 5968-70. 
 
Soldano, C, Mahmood, A & Dujardin, E 2010, 'Production, properties and potential of 
graphene', Carbon, vol. 48, no. 8, pp. 2127-50. 
 
Stankovich, S, Dikin, DA, Piner, RD, Kohlhaas, KA, Kleinhammes, A, Jia, Y, Wu, Y, 
Nguyen, ST & Ruoff, RS 2007, 'Synthesis of graphene-based nanosheets via chemical 
reduction of exfoliated graphite oxide', Carbon, vol. 45, no. 7, pp. 1558-65. 
 
Staudenmaier, L 1898, 'Verfahren zur Darstellung der Graphitsäure', Berichte der 
deutschen chemischen Gesellschaft, vol. 31, no. 2, pp. 1481-7. 
 
Strupinski, W, Grodecki, K, Wysmolek, A, Stepniewski, R, Szkopek, T, Gaskell, PE, 
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